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 In this exploratory project, a novel localized laser assisted eutectic bonding 
process is introduced. This process combines the principles of laser transmission 
welding as well as eutectic bonding. Laser light of 355nm and 266nm wavelengths is 
utilized as a localized heating source to bond single crystal quartz and silicon chips 
together. The interface between the two bond partners are sputtered with thin films of 
chromium (to act as diffusion barrier and adhesion layer), gold and tin. The 
composition of Au:Sn is set close to 80:20 wt.% so that the resultant eutectic alloy can 
melt at 280ºC, a much lower melting temperature than that of pure gold, silicon or 
quartz. This effectively enables laser assisted bonding at a much lower temperature 
budget and reduces the laser power needed to achieve bonding. 
 
 The effects of important laser process parameters, such as laser power, 
scanning velocity and repetition rate on bond strength, interface quality and heat 
affected zones are investigated and documented. The experiments are based on a L45 
(32) design of experiment model with interactions and replications so that the effects 
of the process parameters can be quantified using ANOVA. Parameter windows 
defined by fluence (J/cm2), whereby good bonding is achieved without significant 
damage to the quartz surface, are established for both laser wavelengths; 2.12 to 2.45 
J/cm2 at 266nm and 2.48 to 10.20 J/cm2 at 355nm.  
 
 Single crystal quartz and silicon are laser bonded (single-pass) via 
intermediate layers using third and fourth harmonics of a Nd:YAG laser with varying 
process parameters. The laser track widths for samples processed at 266nm laser 
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wavelength do not vary significantly from the laser spot diameter (25µm). However, 
at 355nm wavelength, laser track widths vary from 27.6 to 45.9µm. The laser track 
width indicates the presence of a heat affected zone along the bond interface, signals 
that the Au-Sn liquid solution propagates horizontally during the bonding process and 
defines the actual bonded area.  
 
 The resultant bonds are forcefully pulled apart to measure their bond strength. 
Optimal mean bond strength of 15.14MPa is recorded for 355nm wavelength at 
parameters combinations with highest laser power within the fluence window and low 
scanning velocity. Due to the tight fluence window at 266nm wavelength, the bond 
strength cannot increase further than 9.76MPa. Comparisons of bond strength 
between wavelengths of 355nm and 266nm are done at similar parameter 
combinations. It is found that the shorter wavelength laser produces slightly stronger 
bonds due to higher absorption rates. For low bond strength samples (355 and 
266nm), the fracture sites are found to be at the laser bond itself, with no quartz 
residues on the silicon surfaces after tensile pulling. For high bond strength samples 
processed by the 355nm wavelength laser, large quantities of quartz residues can be 
seen still attached to the silicon surfaces, which indicate that the fracture sites are 
inside the quartz bulk. This proves that the laser bonds are of high quality and did not 
fail even when subjected to high tensile forces of over 320N. 
 
 Analysis of Variance (ANOVA) is used to quantify the effects of laser process 
parameters on bond strength. Interaction effects between laser power and scanning 
velocity diminish as repetition rate increased from 6 to 12 kHz, and as repetition rate 
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increased further from 12 to 20 kHz; their interactions no longer have any effect on 
bond strength. 
 
 Material science and characterization techniques such as TOF-SIMS, SEM, 
EDX and XRD are utilized to better understand the bond interface as well as its 
chemical composition. TOF-SIMS analysis into the depth of the interface before laser 
processing shows distinct layers of chromium, gold and tin without significant inter-
diffusion. After laser processing, these distinct layers are no longer evident and results 
also suggest a heat-affected zone within the quartz bulk. Cross-sectional SEM 
analysis of the laser bonds confirms the existence of this vertical heat-affected zone, 
which takes on the shape of the laser beam. The maximum extent of this vertical heat-
affected zone is no more than 20µm. Coupled with the laser track width variations, 
the omni-directional liquid melt propagation and heat-affected zones of the laser 
bonds do not extend more than 21µm. The laser bond can be seen as a pillar-like 
structure of gold/tin alloy that forms a strong joint between the two bond partners and 
can reflow to transcend empty spaces possibly present in the initial interface. EDX 
analysis shows that the laser bond has a composition of close to 80:20 wt.% Au:Sn. 
Outside the laser irradiation region, the intermediate layers remains intact. XRD 
spectrums show the presence of two gold tin intermetallic compounds namely Au5Sn 
and AuSn, which agrees with reported literature.  
 
 A steady state temperature and humidity bias life test is done on the laser 
bonded joints. After more than 200 hrs in the temperature (85ºC) and humidity (85%) 
chamber, the laser bonds did not exhibit effects of moisture penetration. The 
resistances across the laser bonds before and after the test did not vary more than 
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0.52ohms, thus emphasizing the bond’s excellent tolerances to high temperature and 
moisture. 
 
 Hence, a strong, corrosion-resistant, design-specific, localized laser assisted 
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One of the most important issues in today’s silicon based MEMS is packaging. 
Stacking and joining at wafer level has made big progress through the development 
and improvement of wafer direct bonding and anodic bonding. Though these bonding 
methods are in mass production, they are still not optimized in yield. Moreover both 
processes require high temperatures to perform and anodic bonding needs an 
additional strong externally applied electrostatic field. Another characteristic feature 
of these methods is the missing local selectivity of bonding. This means that during 
the procedures, the entire area, where the two wafers are in contact, will be bonded. In 
addition, special measures have to be taken to prevent the unintentional bonding of 
movable parts in MEMS. 
 
Laser has the ability to reduce the heat loads on bonding partners and enabling 
locally-selective bonding. The laser, a highly collimated beam of light, can provide 
the focused heat source needed to accomplish the task. The laser light will have to be 
transmitted through a transparent bond partner and focused onto the interface between 
the transparent bond partner and silicon substrate. 
 
The ESI M5200 laser processing system is used in the experiments, which 




Ch 1: INTRODUCTION 
_____________________________________________________________________ 
The objectives of this project are: 
1. Identify the feasible parameter window for laser assisted bonding of single 
crystal quartz and silicon via intermediate layers of gold and tin. 
2. Investigate the effects of process parameters, such as laser power, repetition 
rate and scanning velocity on bond strength. 
3. Optimize the laser process parameters for maximum bond strength. 
4. Compare the bond strength for Nd:YAG laser of different wavelengths. 
5. Characterize the bond interface using SEM, EDX, TOF-SIMS and XRD. 
 
The report will start with a chapter on literature survey of laser machining, 
following which experimental procedures will be briefly explained. The design of this 
experiment using Taguchi’s Method will be presented. Results of the experiments are 
provided and discussions based on these results are given. In addition, some pointers 
are recommended for future studies.  
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 There is an extensive range of information that could be gathered in the field 
of laser bonding. The main sources are literature textbooks, the Journal of 
Microelectromechanical Systems, Sensors and Actuators A (Physical), the Journal of 
Microelectronic and Proceedings of SPIE where papers and articles providing 
information and data in this field are contributed by writers and researchers all around 
the world.  
 
2.1 MEMS Packaging and Joining Technologies 
 
 Micro-packaging has become a major subject for both research and industrial 
applications in the emerging field of microelectromechanical systems (MEMS). 
Establishing a versatile post-packaging process not only advances the field but also 
speeds up the product commercialization cycle. MEMS are shrinking sensors and 
actuators into micro- and nanometer scales [2] while micropackaging emerges as the 
bottleneck for successful device commercialization. In the conventional integrated 
circuit (IC) fabrication, packaging contributes about one third of the manufacturing 
cost [3], [4]. MEMS packaging has stringent requirements due to the fragile 
microstructures and is generally considered to be the most expensive step in MEMS 
manufacturing. It has been suggested that MEMS packaging should be incorporated in 
the device fabrication stage as part of the micromachining process. Although this 
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approach solves the packaging need for individual devices, it does not solve the 
packaging need for many microsystems. Especially, many MEMS devices are now 
fabricated by foundry services [5], [6] and there is a tremendous need for a uniform 
packaging process. The MEMS post-packaging process should not damage either pre-
fabricated MEMS microstructures or microelectronics. It should be applicable to 
different MEMS processes for various applications. In addition, some MEMS devices 
require hermetic or vacuum sealing [7], [8] and some others require low temperature 
packaging. To satisfy these requirements, several key elements are proposed: a cap to 
protect MEMS devices, a strong bond for hermetic sealing, wafer-level and batch 
processing to lower the manufacturing cost, low temperature processing to prevent 
damages to MEMS devices. The existing MEMS packaging technologies, including 
packaging and bonding research, are discussed in the following sub-sections. 
 
2.1.1 MEMS packaging research 
  
 In a book called Micromachining and Micropackaging of Transducers edited 
by Fung et al. [9], many MEMS packaging issues before 1985 has been summarized. 
In addition, Senturia and Smith [10] discussed the packaging and partitioning issues 
for microsystems. Smith and Collins [11] used epoxy to bond glass and silicon for 
chemical sensors. Laskar and Blythe [12] developed a multichip modules (MCM) 
type packaging process by using epoxy. Reichl [13] discussed different materials for 
bonding and interconnection. Grisel et al. [14] designed a special process to package 
micro-chemical sensors. Special processes have also been developed for MEMS 
packaging, such as packaging for microelectrode [15], packaging for biomedical 
systems [16] and packaging for space systems [17]. These specially designed, device 
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oriented packaging methods are aimed for individual systems. Recently, several new 
efforts for MEMS post-packaging processes have been reported. Van der Groen et al. 
[18] reported a transfer technique for CMOS circuits based on epoxy bonding. This 
process overcomes the surface roughness problem but epoxy is not a good material 
for hermetic sealing. In 1996, Cohn et al. [19] demonstrated a wafer-to-wafer vacuum 
packaging process by using Silicon-Gold eutectic bonding with a 2µm-thick 
polysilicon micro-cap. These recent and on-going research efforts indicate the strong 
need for a versatile MEMS post-packaging process. 
 
2.1.2 Wafer bonding research 
 
 For any bonding process, it is well known that “intimate contact” and 
“temperature” are two major factors and bonding is the key in device packaging. 
“Intimate contact” puts two separated surfaces together and “temperature” provides 
the bonding energy. Anthony [20] studied how surface roughness affected the anodic 
bonding process; he concluded that surface imperfections affected the bonding 
parameters such as temperature, time and applied forces. Although the reflow of 
material melt or mechanical polishing processes can improve the interfacial surface 
contact intimacy, these processes are not readily applicable in most of the MEMS 
fabrication processes. The high temperatures required in many commonly used 
bonding processes such as fusion and anodic bonding may damage the devices and 
cause thermal stress problems. On the other hand, in order to achieve good bonds, 
raising the processing temperature may be inevitable. Many types of MEMS devices 
such as pressure sensors, micro-pumps, bio-medical sensors or chemical sensors that 
require mechanical interconnectors to be bonded on the substrate have utilized 
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silicon-bonding technologies. Glass has been commonly used as the bonding material 
by anodic bonding at a temperature of about 300-450°C. Silicon fusion bonding is 
mostly used in silicon-on-insulator (SOI) technology such as Si-SiO2 bonding [21] 
and Si-Si bonding [22]. It is a proven method and the bonding strength is enormously 
strong. However, a temperature requirement of generally higher than 1000°C and a 
global heating scheme means that it is not suitable for certain types of MEMS post-
packaging. There are recent reports for low temperature Si-Si bonding [23-26]. 
However, these new methods have to be conducted with special surface treatments 
that may not be desirable for some types MEMS post-packaging. 
 
 Anodic bonding was invented back in 1969 [27] when Wallis and Pomerantz 
found that glass and metal can be bonded together at about 200-400°C below the 
melting point of glass with the aid of a high electrical field. This technology has been 
widely used for protecting on-board electronics in biosensors [28-30] and sealing 
cavities in pressure sensors [31]. Many reports have also discussed the possibility of 
lowering the bonding temperature by different mechanisms [32], [33]. Unfortunately, 
the possible contamination due to excessive alkali metal in the glass; possible damage 
to microelectronics due to the high electrical field; and the requirement of flat surface 
for bonding limit the application of anodic bonding to MEMS post-packaging [34]. In 
addition to the above solid type silicon bonding, liquid type bonding mechanisms 
have been demonstrated. Gold has been the most common material used in silicon 
eutectic bonding. Gold can form a eutectic alloy with Silicon at 363 °C, which is a 
much lower melting temperature than either that of pure Gold or Silicon. In order to 
get good eutectic bond, process conditions including temperature and time have to be 
well controlled.  
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Table 2.1: Summary of bonding mechanisms LH = Localized Heating 
Bonding 
Methods 





Very high Highly 
sensitive 





Yes Difficult Good 
Epoxy 
Bonding 
Low Low No Yes - 
Integrated 
Process 





- No - 
Eutectic 
Bonding 
Medium Low Yes Yes by LH - 
Brazing Very high Low Yes Yes by LH Good 
 
 Table 2.1 summarizes all the MEMS packaging and bonding technologies and 
their limitations. An innovative bonding approach by localized heating and bonding is 
also presented. This new approach aims to provide high temperature in a confined 
region for achieving excellent bonding strength and to keep the temperature low at the 
wafer-level for preserving MEMS microstructures and microelectronics. The 
localized heating approach introduces several new opportunities. First, better and 
faster temperature control can be achieved. Second, higher temperature can be applied 
to improve the bonding quality. Third, new bonding mechanisms that require high 
temperature such as brazing [35] may now be explored in MEMS applications. As 
such, it has potential applications for a wide-range of MEMS devices and is expected 
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2.1.3 MEMS post-packaging by localized heating 
 
 
Figure 2.1: MEMS sensor with integrated circuit [5] 
 
 Figure 2.1 shows a microaccelerometer fabricated by Analog Devices Inc. [5]. 
The most fragile part on this device is the mechanical sensor at the center that is a 
freestanding mechanical, mass-spring microstructure. It is desirable to protect this 
mechanical part during the packaging and handling process. Moreover, vacuum 
encapsulation may be required for these microstructures in applications such as 
resonant accelerometers or gyroscopes [7], [8]. Therefore, the proposed approach 
must be versatile. Figure 2.2(a) shows the schematic diagram of “MEMS post-
packaging by localized heating and bonding.” A “packaging cap” with properly 
designed micro-cavity, insulation layer, micro-heater and micro glue layer is to be 
fabricated to encapsulate and protect the fragile MEMS structure as the first-level 
MEMS post-packaging process. The wafer can be diced afterwards as shown in 
Figure 2.2(b) and the well-established packaging technology in IC industry can follow 
and finish the final packaging. 
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        (a)       (b) 
Figure 2.2: (a) Schematic diagram of MEMS post-microelectronics packaging by 
localized heating and bonding (b) Schematic diagram showing the concept of MEMS 
post-packaging [5] 
 
 Several successful processes demonstrating MEMS post-packaging by global 
heating have been reported before. However, global heating and sealing process 
typically entails several high temperature steps after the standard surface-
micromachining process. As such, no circuitry or temperature-sensitive materials will 
survive due to the global heating effect. Hence, the approach of MEMS post-
packaging by localized heating and bonding is proposed to address the problems of 
global heating effects. 
 
 Based on the concept of localized heating, several localized bonding processes 
for MEMS post-packaging were reported, including localized eutectic bonding, 
localized fusion bonding, localized solder bonding and localized CVD bonding. 
 
 Silicon-gold eutectic bonding has been used widely in micro-fabrication [37], 
[38]. It provides high bonding strength and good stability at a relatively low bonding 
temperature at 363°C. In the demonstration of localized silicon-gold eutectic bonding 
[38], silicon substrate is first thermal-oxidized to grow a 1µm-thick oxide as the 
thermal and electrical insulation layer. Gold of 0.45µm in thickness is deposited by 
9 
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using a 0.05µm-thick chromium layer as the adhesion material. Line-shape micro-
heaters with width of 7µm are used to provide the localized heating. Clean silicon cap 
substrates are placed on top of these device substrates with applied pressure of about 
1MPa. Figure 2.3 shows the experimental setup. The silicon–gold eutectic bonds are 
forcefully broken at the completion of the bonding processes. The experimental 
results suggest that the localized silicon-gold eutectic bond can be uniform and can 
have the bonding strength that is as strong as the fracture toughness of silicon.  
 
Figure 2.3: Experimental setup for localized heating and bonding test [38] 
 
 Cheng et al. [38] demonstrated localized silicon-glass fusion bonding using 
the same experimental setup as shown in Figure 2.3. The silicon device substrate is 
constructed with 1µm-thick thermal oxide and 1.1µm-thick heavily phosphorus-doped 
polysilicon as the micro-heater. A Pyrex glass (7740 from Dow Corning) is placed 
and pressed on top of the polysilicon micro-heater. A 31mA input current is heating 
up the micro-heater to achieve a temperature very close to the melting temperature 
polysilicon for 5 min. The glowing color of the micro-heater can be observed in real-
time under the microscope to confirm the high temperature status. Unlike the 
conventional fusion bonding experiments that takes more than 2 hr, localized silicon- 
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glass fusion bonding is completed in 5 minutes. Excellent silicon-glass fusion bond 
has been achieved by this method. 
 
 Solder bond technology is widely used in the connection-to-chip process in IC 
packaging. For example, the popular Pb-Sn solder bond is processed at a temperature 
of 360°C [2 and 40]. Several solder materials have been applied in MEMS packaging 
based on global heating [41]. The concept of “intermediate” layer is introduced in the 
localized solder bonding experiments. Figure 2.4 shows the schematic diagram for the 
sample preparation [41]. A thermal dioxide layer of 1µm in thickness is grown on the 
silicon device substrate. The process continues with the deposition and definition of 
1µm thick, phosphorus-doped polysilicon to emulate the interconnection line. A layer 
of 0.15µm-thick LPCVD silicon oxide is deposited on top of the interconnection line 
as electrical insulation. Phosphorus-doped polysilicon micro-heater is then deposited 
and patterned to form micro-heaters and another 0.15µm thick LPCVD silicon oxide 
is deposited for electrical insulation. The soldering material consists of a 0.05µm 
chromium layer and a 0.45µm gold layer for adhesion, and a 3µm thick indium layer 
[42]. The bonding process is conducted at a bonding stage as in Figure 2.3. The 
temperature of the micro-heater is estimated to rise to 300°C and with applied 
pressure at 0.2MPa. The bonding process is complete in 2 minutes and the bond is 
forcefully broken to examine the bonding interface. The interconnection created a 
bump-up step and this surface roughness problem is the failure source for existing 
bonding process such as fusion or anodic bonding. However, after the localized solder 
bonding process, the solder can actually reflow to form a flat surface. Therefore, this 
localized solder bonding method can overcome the surface roughness problem and 
create excellent step coverage by the reflow of solder material. 
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Figure 2.4: Schematic diagram of the testing sample for localized solder bonding [41] 
 
 Localized heating also provides a way to conduct chemical vapor deposition 
(CVD) sealing and/or bonding without the drawbacks of high global temperature and 
process dependency. He et al. [43] demonstrated the process of localized CVD 
bonding with two substrates prepared as shown in Figure 2.5(a). Both substrates are 
made of silicon and an insulating layer of 1.2µm thick thermal oxide is grown. 
Phosphorus-doped polysilicon is deposited and patterned as the interconnection line 
on the device substrate and micro-heater on the packaging cap, respectively. A layer 
of 1.4µm-thick PECVD (Plasma Enhanced Chemical Vapor Deposition) is then 
deposited on the device substrate as the electrical and thermal insulation layer. The 
device and packaging substrates are pressed together and put into a chamber with 
silane flowing at 500mTorr [43]. An input current of 40mA is used to generate a high 
temperature to activate the decomposition of silane locally. The CVD filling and 
bonding process as shown in Fig. 2.5(b) finishes in 2 hr and the CVD bond is 
forcefully broken for examination. The localized CVD polysilicon layer completely 
fills the gap between the device and cap substrate. Moreover, it appears that the CVD 
bond is comparable or stronger than the polysilicon-thermal oxide adhesion bond. 
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    (a)     (b) 
Figure 2.5: Schematic diagram of the localized CVD bonding process (a) before 
bonding (b) after bonding [43] 
 
 
2.2 Laser Assisted Bonding 
  
 The first type of laser developed is the ruby laser, invented in 1957 by Townes 
and Shawlow. Since then, great strides have been made in development of the field of 
laser in terms of process capability, performance and understanding. Although the 
several bonding schemes based on localized heating discussed before (localized 
eutectic bonding, localized fusion bonding, localized solder bonding and localized 
CVD bonding) are successful, the heating sources of these approaches, however, 
come from resistive heating such as electrical wiring. In many cases, the electrical 
wiring is not preferred. 
 
 Laser Assisted Bonding (LAB), however, provides the heating source via a 
highly focused light source, with the minimum spot size, hence minimum bonding 
size, limited only by the beam shaper of the laser processing system. LAB utilizes the 
principle of laser transmission welding. A comprehensive review of laser welding was 
given in [44]. Laser welding has advantages of high speed, high precision, consistent 
weld intensity, and low heat distortion. Presently, there has been little work on laser 
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assisted bonding. In [45], Luo et al demonstrated a nanosecond-pulsed laser bonding 
with a shadow mask. The glass-to-silicon bonding process with a 4µm thick indium 
layer as the bonding material was optimal at experimentally obtained laser energy of 
between 8 and 22mJ. Figure 2.6 shows the experimental setup of the glass-silicon 
bonding with an intermediate layer of indium and a built-in mask. The shadow mask 
used in this experiment was simply plain paper.  
 
 
Figure 2.6: Experimental setup of glass-to silicon bonding with intermediate indium 
layer and shadow mask [45] 
 
 A low temperature local laser bonding (LLB) process based on eutectic 
bonding principles was demonstrated in [46]. The bonding is provided through 
intermediate layers such as Al or Au forming a eutectic alloy with silicon. This 
bonding process was said to be especially suitable for bonding wafers containing 
devices with low temperature budget as the eutectic temperatures of the Al or Au 
alloy is lower than the pure materials. However, obvious burnt marks at the corner of 
the laser tracks indicated that too much laser power was applied in the starting phase. 
Moreover, the sides of the laser tracks were non-uniform and also heavily damaged 
due to the high laser power applied (1 – 40 W) as shown in Figure 2.7. 
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Figure 2.7: Laser tracks in the intermediate layer [46] 
 
 Wild et al. [47, 48] demonstrated low temperature bonding of silicon and glass 
wafers without any intermediate layer. The laser used in this experiment was a 
continuous wave Nd:YAG laser (12–30W) of 1064nm wavelength. The 
measurements of the thermal load in the silicon during laser application with micro-
thermocouples showed that the temperatures near the bonding zone to be around 
300°C for less than one second. The produced joints were found to have tensile 
strength between 5 and 10MPa. Hermetic tightness was also tested with a helium leak 
detector and leak rates were found to be 3 x 10-8 mbar/s. Glass-to-silicon bonding is 
susceptible to typical bonding defects that include lack of bond strength and crack 
formation during and after bonding. A small parameter window where bonding is 
possible is generally expected as mentioned in [49]. Due to the heat input of the laser 
beam into the silicon wafer, thermal and mechanical stresses result in the bonded 
parts. According to Witte et al. [49], the duration of the heat input is relevant for 
producing cracks in the glass. During the process, the average temperature is steadily 
increasing in the silicon. At the beginning of the bond line, the parts are already 
connected while the rest of the silicon is expanding because of the heat input. The 
glass is less subjected to this effect because the absorbed energy in the glass is 
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negligible so that only the connection to the silicon heats up the glass via conduction. 
At the end of the bond line, both materials will cool off with the result that the silicon 
bulk material is much warmer than the glass during bonding. Since silicon shrinks 
more than glass, mechanical stress is induced and cracks occur if the stress exceeded 
the strength of the bond. Moreover, melting of silicon is best avoided, as it will result 
in a polycrystalline structure with changed electrical and mechanical properties. 
Bonds where melting of silicon occurred also exhibit a rough interface [49]. Hence, 
the energy input must be well controlled to achieve localized bonding without 
melting. 
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EXPERIMENTAL PROCEDURE  
 
3.1 Laser Processing System 
 
The laser processing system that is used for the experiment is the ESI 
Microvia Drill M5200 (Figure 3.1. Q-switch third and fourth harmonic of Nd:YAG 
pulse laser operates at 355nm and 266nm respectively. Figure 3.2 shows the optics of 
the 355nm module. Figure 3.3 shows the laser head of the 266nm module. The laser 
processing system produces a solid state Nd:YAG laser. The ions or dopants in the 
laser medium are Neodinium (Nd3+) and the host material is a complex crystal of 
Yttrium-Aluminum-Garnet (YAG) with the chemical composition Y3Al5O12. Laser 
light is focused onto the sample surface with a spot diameter of 25µm at 1/e2 density 
for wavelengths of 355nm and 266nm. The maximum laser power of the 355nm 
module is 2W and repetition rate varies from 0.5 to 20 kHz. The maximum laser 
power of the 266nm module is 0.5W and repetition rate varies from 12 to 20 kHz. 
While automatic power control is available for the 355nm laser module, it is 
unavailable for the 266nm laser module. 
 
The ESI M5200 laser processing system specializes in drilling microvia, 
however, it also has profiling capability. 
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Figure 3.1: Schematic diagram of the ESI Microvia Drill M5200 [50] 
 
 
Figure 3.2: Optics of the 355nm module [50] 
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Figure 3.3: Laser head of the 266nm module [50] 
 
In the ESI laser processing system, the laser optics directs and focuses the 
laser beam from the laser rail to the work piece, which is held on the chuck by 
vacuum. The cross-axis laser beam positioner consisting of linear stages and scanners. 
Movement of the scanner and linear stage motors is coordinated by the electronic 
control system. Both the scanners and linear motors move continuously to achieve the 











The requirements on both bond partners to be joined, single crystal quartz and 
silicon, are high. As known from anodic bonding in silicon manufacturing, the 
surfaces must have a high flatness, parallelism and low roughness. The materials must 
also be free of any impurities. The quartz chips from the manufacturer are 10mm by 
10mm and 80µm thick and 4 inch silicon wafers are machine-diced into 12mm by 
12mm and the thickness is 450µm.The physical properties of the materials such as 
optical, mechanical and thermal appearance are described in the following sections. 
 
3.2.1 Geometrical tolerances and surface quality 
 
In addition to the surface cleanliness, there are two main specifications that are 
important for the mechanical properties in wafer bonding: 
• Flatness 
• Roughness 
Surface flatness is a macroscopic measure of the deviation of the wafer’s front surface 
from a specified reference plane, assuming that the backside of the wafer is ideally 
flat. The total thickness variation (TTV), also known as waviness, is commonly used 
to specify the surface flatness and describes the difference between the highest and 
lowest elevation of the top surface of the wafer. During the bonding process, each 
bond partner is elastically deformed to achieve conformity of the two surfaces. Any 
flatness defects of the quartz and silicon surfaces can result in periodic strain patterns. 
Larger areas of flatness defects may result in a reduced bond quality or a lack of bond 
strength. The silicon wafer material used is a standard material with total thickness 
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variation of less than 1µm. For the quartz chips, a similar value is referred to as the 
peak to valley. The quartz chips have a peak to valley measurement of 0.09mm.  
 
 The quartz and silicon chips did not require special polishing as their surface 
roughness values are better than 5nm. 
 
3.2.2 Optical properties 
 
The laser assisted bonding technique applied in this experiment is modified 
from the principle of transmission welding with laser irradiation, which is well known 
from laser welding of plastics. The principle of laser transmission welding requires 
that one of the bond partners to be joined to be transparent for the laser radiation and 
that the other material be able to absorb the laser energy. Moreover, the quartz and 
silicon surfaces to be bonded are deposited with thin films of chromium, gold and tin. 
The intermediate layers form a eutectic alloy with at least one of the bond partners by 
diffusing into the surface of the bonding materials. Therefore, the melting temperature 
of the surfaces is considerably lowered and bonding occurs through welding of the 
interface layers. The specific configuration of the intermediate layers will be 
presented in later section. In addition, bonding can also occur due to direct melting of 
the substrate materials themselves at higher laser power densities. Hence, this laser 
assisted bonding technique is a combination of laser transmission welding and 
eutectic bonding. The transmission spectrum of single crystal quartz is measured by a 
photo-spectrometer shown in Figure 3.4. The transmission rates of the 80µm thick 
single crystal quartz at 266nm and 355nm wavelengths are 87.5% and 90.5%, 
respectively. Typically, transmission rates above 90% fulfill the requirements for 
21 
Ch 3: EXPERIMENTAL PROCEDURE 
_____________________________________________________________________ 
transmission welding. Therefore, some problems may be foreseen for 266nm 





















Figure 3.4: Transmission spectrum of single crystal quartz with thickness 80µm 
 
Silicon has high absorption properties for wavelengths up to 900nm (see 
Figure 3.5); at longer wavelengths the absorption decreases rapidly and the 
transmission and reflection increase accordingly. Based on these characteristics, laser 
sources with a wavelength of less than 900nm should preferably be applied to conduct 
laser assisted bonding. The Nd:YAG laser with wavelengths under 355nm adequately 










Figure 3.5: Transmission, Absorption and Reflection of silicon 
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3.2.3 Thermal properties 
 
The laser beam heats both materials during the bonding process through the 
intermediate layer. As the intermediate layer of chromium, gold and tin is very thin 
compared to the substrates, its thermal effects can be assumed to be negligible. 
However, a close match of the thermal expansion coefficient of quartz and silicon is 
necessary to avoid damage during processing or afterwards during the cooling phase. 
Otherwise, the mechanical stress induced during the heat cycle will result in cracks. 
Table 3.1 includes a brief overview on the material specifications. 
 
Table 3.1: Thermal properties of materials used 
Material Melting Point  
(°C) 




Single crystal quartz 1470 - 3.5 – 7.0  
Silicon 1412 3270 2.6 – 4.2 
Chromium 1857 2672 4.9 
Gold 1064 2807 14.2 
Tin 232 2270 23 
 
During processing, the temperature at the interface must be kept below 
1400°C to avoid melting of silicon. Melting of silicon will destroy the single crystal 
and result locally in a polycrystalline structure that exhibits different properties from 
the original structure. 
 
3.3 Processing 
3.3.1 Sample preparation and surface cleaning 
 
 Commercially available silicon wafers and single crystal quartz chips are used 
for the investigation of laser assisted bonding. The materials meet the requirements 
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for flatness and surface quality; however special treatments are necessary to remove 
the oxide layer from the silicon and to achieve the needed cleanliness of the sample. 
The surfaces must be free of particulate, organic and metallic contamination because 
the cleanliness has a direct effect on both the structural and optical properties of the 
bonding interface as well as on the resulting electrical properties of the bonded 
materials. 4 inch silicon wafers are first machine-diced into 12mm by 12mm chips. 
10mm by 10mm square single crystal quartz are commercially available. The cleaning 
techniques applied are to remove all contamination from the surfaces without 
degrading surface smoothness. Similar to very large scale integration (VLSI) device 
fabrication, a silicon surface with a high degree of smoothness and flatness is also a 
key concern in laser assisted bonding. Basic cleaning using acetone, IPA and DI water 
in a ultrasonic wash detailed in Table 3.2 is typically adequate while a hydrogen-
peroxide-based (RCA) wet cleaning solution for silicon (see Table 3.3) is also 
appropriate. 
Table 3.2: Cleaning of quartz and silicon with acetone, IPA and DI water 






Acetone Medium 35 10 
DI water Low 35 5 
IPA Medium 35 10 
DI water Low 35 5 
 
 













Ethanol C2H5OH 25 5 Dust, fat 
RCA1 NH4OH:H2O2:H2O
0.25:1:5 
70 10 Particles, 
organic, some 
metals 
Rinse DI H2O 25 5 RCA1 
RCA2 HCL:H2O2:H2O 
1:2:8 
75 20 Alkali and 
heavy metals 
Rinse DI H2O 25 5 RCA2 
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 The surface of quartz is less reactive with its natural ambient condition. 
Therefore, it is not necessary to apply the same cleaning schedule as is applied for 
silicon. After removing the organics and particles with RCA1 and rinsing with DI 
water, the quartz chips are ready to use. 
 
3.3.2 Thin film deposition of chromium, gold and tin 
 
On the surfaces of quartz and silicon to be bonded, thin films of chromium, 
gold and tin are deposited using a Physical Vapor Deposition sputtering machine. The 
thin films act as an intermediate layer to facilitate laser assisted bonding of quartz and 
silicon. The chromium layer has a dual purpose, to act as an adhesion layer for gold, 
and to act as a diffusion barrier between gold and silicon/quartz. Bonding of quartz 
chip to silicon substrate in this experiment utilizes a Au-Sn medium with eutectic 
composition Au:Sn close to 80:20 wt.%. This melts at the correct temperature and a 
total thickness of about 2µm to guarantee a sufficient thermal conductivity through 
the solder and provide mechanical flexibility. The commonly used Au-Sn eutectic 
alloy with 80% gold is a eutectic mixture of the compounds Au5Sn and AuSn with a 
melting point of 278°C. The configuration and thickness of the intermediate layer is 
tabulated in Table 3.4. 
 
Table 3.4: Configuration and thickness of the intermediate layer 
Intermediate layer  
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 Previously published data indicated that diffusion of gold and tin in Au-Sn 
alloys is strongly concentration dependent. So the thickness of Au and Sn layers are 
precisely controlled and chosen to provide an average composition of 80:20 wt.% 
Au:Sn. Au and Sn metallizations (with eutectic point TE = 278oC) are used as 
intermediate layers. The layers are DC magnetron sputtered onto both bond partners 
with a Denton DC/RF-sputtering system. Cr is sputtered first and employed as the 
adhesion promotion layer as well as diffusion barrier. The thickness of the Cr layer is 
33nm. After the adhesion layer deposition, alternating layers of Au and Sn are 
deposited. The thickness of Au and Sn layers are 700nm and 900nm, respectively. 
Only Au is deposited onto the quartz surface, while both Au and Sn are deposited 
onto the silicon substrate. Sputtering parameters are listed in Table 3.5 below. The 
respective sputtering time are obtained through a series of calibration runs. 
Table 3.5: Sputtering parameters for thin film deposition 








Cr 3x10-6 +25 220 1min 
Au 3x10-6 +25 200 9min 40s 
Sn 6x10-6 +25 100 13min 40s 
 
 
3.3.3 Laser processing 
  
 To achieve intimate contact between the quartz and silicon samples, the two 
bonding partners are pressed together with a large force of approximately 0.5MPa in 
the manner as shown in Figure 3.6. A clamping force is first applied in the middle of 
the sample and then the force is slowly applied to the sides. This is to ensure that 
minimum air is trapped between the interfaces. 
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Figure 3.6: Schematic drawing of clamping quartz and silicon samples 
  
 A three-axis motion system is used to scan the surface of the samples with the 
laser beam as shown in Figure 3.7. During laser processing, the sample’s base is not 
in contact with the motion stage and this minimizes heat loss by conduction. This set-
up offers high flexibility to vary scanning speed, focal position and feed direction. 
 
Single crystal quartz 
Intermediate layers 
Silicon 
Figure 3.7: Schematic drawing of laser assisted bonding of quartz and silicon via 
intermediate layers 
 
Each sample piece is then placed on the motion stage for laser processing. 
Experiments are done by varying important process parameters, such as scanning 
velocity, repetition rate and laser power, to determine their influences on bond 
strength and bond quality. The following laser process parameters are varied: 
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• Laser power in the range of 0.08W to 0.83W 
• Laser operation mode: Q-switched with repetition rate up to 20kHz 
• Scanning speed in the range of 0.1mm/s to 0.5mm/s 
 
The other process parameters are fixed as indicated in Table 3.6. 
 
Table 3.6: Values/ modes of fixed parameters 
Parameter Value/ Mode 
Z-offset 0mm 
Power Tolerance 10% for 355nm 
N.A. for 266nm 
Settle 3s 
First Pulse Disabled 
Number of Pass 1 
Settle Time 2ms 
Laser Spot Diameter 
at 1/e2
25µm for 355nm 
25µm for 266nm 
 
Z-offset is fixed at 0mm so that the laser beam is focused at the work piece 
surface. Tolerance of the laser power is fixed at 10% for the 355nm laser module and 
is not applicable for the 266nm module. First pulse of the laser beam is usually the 
most powerful pulse, thus to ensure uniform delivery of laser power, first pulse is 
disabled. The laser beam is single-passed over the clamped sample in straight lines 60 
times to form a bond pad of 8mm by 6mm. Each laser line is spaced 100µm center-to-
center from each other. As the laser spot diameter is only 25µm, the effective bonded 
area is less than 8mm by 6mm. 
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DESIGN OF EXPERIMENT 
 
Through a non-mathematical approach, this chapter sets out to provide an 
understanding of an empirical approach to better understand the process of laser 
assisted bonding of quartz and silicon, based on the systematic and integrated 
application of techniques of experiment design, mathematical modeling, and common 
concepts of optimization. 
 
In the initial stage of the project, the possibility of laser assisted bonding of 
quartz and silicon had been established after some trials. The process was established, 
but its performance was to be changed in a desired manner – e.g. so as to increase 
bond strength. Many process parameters are available for adjustment. Temperature, 
pressure, speed, time, choice of procedure can be manipulated to effect a change. This 
change may be measured through what is known as a response. Thus, mathematically, 
the parameters and the response are independent variables and dependent variables 
respectively. The objective is to determine the best way to set the parameters so as to 
obtain a desired response or the best response. 
 
Difficulties arise from the fact that that among the numerous parameters, only 
some will have significant effects on the response. Even if these are known, the 
linkage between them and the response is not always clear in the beginning. 
Furthermore, the response is subjected to random or “natural” variabilities of the sort 
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that are seen to be present in any process control chart, which tend to “corrupt” 
observed data and mask the cause-and-effect relationships among the parameters and 
the response. 
 
Yet another source of difficulties is the sheer amount of experimental work 
involved if one chooses to implement the “one parameter at a time” experiments. To 
study a number of input parameters, an approach often found to be favored by 
technical personnel is that of “one parameter at a time”. This will inevitably lead to a 
very tedious scheme of experimentation. For example, if there are k parameters x1, 
x2,…, xk, x1 will first be varied over a range of values, while the other parameters are 
kept constant; this is followed by varying x2, and so on. This method of investigation 
has the following disadvantages: 
• All parameters are included in the study even though in reality only a few are 
important. 
• Qualitative parameters may not be treated equitably as quantitative 
(measurable) parameters in the experiment. 
• An unduly large volume of data needs to be collected, incurring substantial 
costs and time. 
• The resulting data will not necessarily reveal the inherent variability in the 
response. 
• Mathematical analysis of the resulting data usually does not result in 
independent estimates of parameter effects on the response. 
• Similarly, possible interactions between parameters are not detected; in some 
extreme cases, misleading results may be obtained and used, causing process 
deterioration instead. 
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• It is usually difficult to formulate strategies to realize potential improvements 
in the response without additional data collection and analysis. 
 
The above drawbacks can usually be overcome by techniques of designed 
experiments and appropriate statistical analysis. The entire investigation should be 
planned in a logical manner so that data are strategically collected with the subsequent 
methods of analysis in mind. The essential steps are as follows: 
1) Design of efficient experimental plan 
2) Systematic generation of useful data 
3) Identification of important parameters and rejection of trivial ones 
4) Mathematical modeling of response characteristics 
5) Analytical study of model behavior 
6) Determination of preferred parameter values 
7) Confirmation tests and their analysis 
8) Design of further plans if necessary 
 
 Details of these steps are available in references such as Davis [51] or Box, 
Hunter and Hunter [52]. The essential background for the statistical methodologies 




Ch 4: DESIGN OF EXPERIMENT 
_____________________________________________________________________ 
 
4.1 Identification of Important Laser Process Parameters 
 
 It is highly possible that many of the parameters listed at the beginning of the 
project are not important at all in affecting the process yield. Suppose seven 
parameters are listed and no prior knowledge about their effects on yield is available. 
Without a systematic plan for data generation, one might be tempted to try out various 
settings for each parameter and attempt a large number of combinations of each 
setting. This could entail, for example, 47 = 16384 or 37 = 2187 tests if each parameter 
is to be tried out at 4 or 3 settings respectively. Hence, to minimize the amount of 
unnecessary experimental work, it is important to first identify the most important 
laser process parameters that have the most effects on bond strength. This can be done 
either by utilizing prior technical knowledge or by making use of an experimental 
plan known as “two-level factorial design” (2k design) in which each of the 
parameters is tried at two predetermined levels. Suitable combinations of parameters 
at simultaneously changing settings are used to generate eight independent yields 
figures from which it is often possible to identify those parameters that are 
unimportant and can be discarded in subsequent studies. By just doing eight tests, up 
to seven parameters can be screened; this is known as the “two-level fractional 
factorial design” (2k-p design). Table 4.1 shows the matrix for a L8 (27-4) fractional 
factorial design, whereby only parameters 1, 2 and 4 have the original columns. 
Parameters 3, 5, 6 and 7 have level settings generated from the 3 original columns. 
This is done by multiplying the respective columns as shown. For more details, please 
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Table 4.1: L8 (2k-p) fractional factorial design matrix 
Parameters  
Run 1 2 3=12 4 5=14 6=24 7=34=124
1 2 2 2 2 2 2 2 
2 2 2 2 1 1 1 1 
3 2 1 1 2 2 1 1 
4 2 1 1 1 1 2 2 
5 1 2 1 2 1 2 1 
6 1 2 1 1 2 1 2 
7 1 1 2 2 1 1 2 
8 1 1 2 1 2 2 1 
Whereby 2 is high level (+), 1 is low level (-) 
 
 With prior technical knowledge and preliminary screening using the fractional 
factorial experiment, many unimportant laser process parameters are discarded and set 
at constant values in subsequent studies. Three laser process parameters are identified 
to be important in affecting the bond strength of laser bonded quartz and silicon. They 
are laser power, scanning velocity and repetition rate. 
 
4.2 Design of Experiment Based on L9 (32) Design 
 
 The experiment proper was carried out based on a L9 (32) design with nine 
runs as shown in Table 4.2 below. Parameter 1 is laser power and parameter 2 is 
scanning velocity. There are three levels of repetition rate to be tested upon, and 
within each repetition rate setting, a L9 (32) experiment is conducted yielding an initial 
total of 27 runs. As per any experiment that tests tensile strength, one run per 
combination of parameters is inadequate to assess the inherent variablilities (noise) in 
the process yield. Hence, the experiment is replicated, i.e. five runs are made for each 
combination of parameters. The initial L9 (32) experiment is replicated and becomes a 
L45 (32 +32 +32 +32 +32) experiment as shown in Table 4.3. 
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Table 4.2: L9 (32) 3 levels 2 factors design matrix 
Parameters  
Run 1 2 
1 -1 -1 
2 -1 0 
3 -1 1 
4 0 -1 
5 0 0 
6 0 1 
7 1 -1 
8 1 0 
9 1 1 
Whereby -1 is low level, 0 is mid level, 1 is high level 
 
Table 4.3: L45 (32 +32 +32 +32 +32) 3 levels 2 factors 5 replications design matrix 
Parameters  
Run 1 2 
 
Yield/ Response 
1 -1 -1 y11 y12 y13 y14 y15
2 -1 0 y21 y22 y23 y24 y25
3 -1 1 y31 y32 y33 y34 y35
4 0 -1 y41 y42 y43 y44 y45
5 0 0 y51 y52 y53 y54 y55
6 0 1 y61 y62 y63 y64 y65
7 1 -1 y71 y72 y73 y74 y75
8 1 0 y81 y82 y83 y84 y85
9 1 1 y91 y92 y93 y94 y95
Whereby -1 is low level, 0 is mid level, 1 is high level 
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RESULTS AND DISCUSSIONS 
 
Fluence, also called energy density, is defined as the pulse energy divided by 
the area of the laser spot. Fluence can be thought of graphically as the energy in a 
single laser pulse (Figure 5.1) over the area that pulse covers (Figure 5.2). In this 




Figure 5.1: Energy delivered in a pulse            Figure 5.2: Pulsed area in material 
 
 
The energy can be derived from measuring the average power, which is 
energy over time, and determining the energy in a single pulse at any given point in 
time. To find the energy in a single pulse, simply divide the average power by the 
repetition rate. 
[Hz] rate Repetition
power[W] Average[J]energy  Pulse =  Equation 5.1 
 
When using the imaging optics, the area over which the energy is distributed is 
simply the imaged spot size. Therefore, for a given spot size, fluence can be 
calculated by: 
/4} X  size[cm]){(Spot
rate[Hz]) Repetition / (Power[W])][J/cm Fluence 2
2
π=  Equation 5.2 
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5.1 Laser Assisted Bonding Parameter Window 
 
In the initial stage of the project, there were no guidelines upon how much 
laser power was to be applied and how scanning velocity should be varied to achieve 
a good bond. A good bond is defined by the author to be an effective and sustained 
bonding of the quartz and silicon chips with minimum damage to the quartz surface. 
Hence, the first step was to find out the parameter window whereby good bonds could 
be achieved. First, a mean repetition rate of 12 kHz was arbitrarily selected, laser 
power was set to the machine limit, and scanning velocity was set to the minimum 
(0.1mm/s). The purpose of this is to determine the maximum fluence whereby there is 
good bonding without surface damage to the quartz. Laser power was then lowered 
until the point whereby insignificant surface damage was observed. In the next step, 
the minimum fluence whereby bonding could occur was determined. This is done by 
setting scanning velocity to maximum (0.5mm/s) and start processing at minimum 
laser power. The laser power was then slowly increased until the point whereby 
bonding was achieved.  
 


















bonding to occur 
(J/cm2) 
Maximum 
Fluence for no 
excessive damage 
(J/cm2) 
12 0.125 0.130 0.136 2.139 2.309 
14 0.146 0.151 0.157 2.124 2.285 
16 0.167 0.175 0.181 2.126 2.310 
18 0.19 0.205 0.215 2.150 2.433 
20 0.21 0.225 0.24 2.139 2.445 
 
For laser wavelength of 266nm, parameter windows were found for 12 kHz to 
20 kHz at intervals of 2 kHz. Laser power is varied from the lowest power whereby 
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bonding is successful to the highest power whereby there is no excessive surface 
damage to the quartz at each repetition rate. Table 5.1 lists the specific power settings 
for each repetition rate. As shown in the above table, the parameter window at 266nm 
wavelength is very small, the feasible fluence window for good bonding is only from 
2.12 J/cm2 to 2.45 J/cm2 when using laser of 266nm wavelength. 
 
A similar experiment was done to determine the parameter window for laser 
assisted bonding at 355nm wavelength. Repetition rate was set at 6 kHz, 12 kHz and 
20 kHz. Similar procedures to find the range of laser power and fluence for good 
bonding were carried out. Table 5.2 shows the parameter window for laser assisted 
bonding at 355nm wavelength. Please note that maximum laser power produced by 
the laser processing system at 20 kHz is 0.83W, which is not at the maximum fluence 
for good bonding. The feasible fluence window when processing at 355nm laser 
wavelength is much larger than that of 266nm. Good bonding of quartz and silicon 
can be achieved from 2.48 J/cm2 to 10.20 J/cm2. 
 


















bonding to occur 
(J/cm2) 
Maximum 
Fluence for no 
excessive damage 
(J/cm2) 
6 0.08 0.19 0.3 2.72 10.2 
12 0.15 0.37 0.6 2.55 10.19 
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5.2 Laser Tracks at Bond Interfaces of Quartz and Silicon 
5.2.1 Laser tracks at bond interfaces processed by 266nm laser 
  
 Figures 5.3 to 5.7 show the laser tracks in the bonded interfaces processed by 
the 266nm wavelength laser from 12 kHz to 20 kHz. As seen from the micrographs, 
the widths of the laser tracks processed by the 266nm laser did not vary significantly 
with varying laser process parameters and were found to be close to 25µm. This is 
due to the fact that the range of fluence for a good bond to occur without excessive 
surface damage to the quartz is very limited. From various micrographs from the 
above figures, luminous waves along the laser tracks are evident. This may be a sign 
that slight alteration of the quartz material at the bond interface near the laser spot 
may have occurred. This may have been caused by the build up of heat in the quartz 
chip due to the lower transmission rate of the laser light through quartz at 266nm 
wavelength. At a lower transmission rate, more laser energy is absorbed by the quartz 
during processing as compared to laser processing at 355nm. As the feasible fluence 
range is very tight at 266nm laser wavelength, some damage to the quartz surface is 
evident in some cases, for e.g. RR12kHz P0.136W V0.1mm/s in Figure 5.3. This 
shows that once the fluence limit is exceeded due to inherent fluctuations of the laser 
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5.2.2 Laser tracks at bond interfaces processed by 355nm laser  
  
 Figure 5.8 shows a typical example of laser tracks in the intermediate layer 
from reported literature [46]. The star shaped structures in the corners of the tracks 
indicate too much laser power was applied in the starting phase. When the laser beam 
was switched on, the Q-switch of the pulsed-laser caused an extremely high intensity 
first pulse, and this first pulse caused evaporation of the intermediate layer or even 
cracks in the Pyrex glass and led to poor bonding strength. Hence, in this experiment, 
first pulse is disabled, as mentioned in Chapter 3, to avoid such poor results. Figures 
5.9 to 5.11 show the laser tracks in the bonded interfaces processed by laser of 355nm 
wavelength with repetition rates ranging from 6 kHz to 20 kHz. The sides of the laser 
tracks are uniform as compared to those seen in Figure 5.8. The significant charring of 
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 Due to the higher transmission rate of quartz at 355nm laser wavelength, a 
larger range of laser power, and hence fluence, can be varied to achieve good bonds 
between the two materials. The resultant effects are significant variations of laser 
track widths across the range of laser process parameters. The luminous waves at the 
sides of the laser tracks processed by the 266nm laser reported in the previous section 
are also not evident. This is due to the lower absorption rate of quartz at 355nm 
wavelength; heat build up along the laser track is not fast enough to cause significant 
alteration of quartz material. 
 
5.2.3 Laser track width variation at 355nm laser wavelength 
  
 The width of the laser track is measured by a Nikon MM40 measuring 
microscope. As mentioned in Section 5.2.1, widths of the laser track produced by the 
266nm wavelength laser do not vary significantly, and are close to 25µm. However, 
the widths of the laser track produced by the 355nm wavelength laser do vary from 
25µm to 46µm depending on the combination of laser process parameters. This 
indicates the presence of a heat affected zone which extends laterally and perhaps 
vertically with respect to the laser track. Moreover, this can also indicate that during 
laser processing, the Au-Sn liquid melt propagates along the interface. Figure 5.13 
shows the variation of laser track width with respect to laser power at scanning 
velocity 0.1mm/s and 12 kHz. The laser tracks are widened from 27.61µm to 
44.43µm as laser power is increased from 0.15W to 0.60W. This is due to the fact that 
the amount of laser energy deposited along the laser track has increased, thus causing 
the heat affected zone to increase from approximately 2µm to around 19µm. The 
same phenomenon is observed at 6 and 20 kHz as shown in Figures 5.12 and 5.14, 
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respectively. Laser track width, however, do not vary significantly when scanning 
velocity is changed at the same power setting. When velocity is varied at the same 



























































Figure 5.13: Graph of Laser Track Width (µm) vs. Laser Power (W) at RR12kHz 
V0.1mm/s 
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Figure 5.14: Graph of Laser Track Width (µm) vs. Laser Power (W) at RR20kHz 
V0.1mm/s 
 
Table 5.3: Laser track width at various parameter settings 
Repetition Rate  
6 kHz 
Scanning Velocity  
(mm/s) 
Laser Power (W) 0.10 0.25 0.50 
0.30 40.81µm 40.08µm 42.76µm 
0.19 39.03µm 37.75µm 40.59µm 
0.08 27.58µm 28.98µm 28.36µm 
 
Repetition Rate  
12 kHz 
Scanning Velocity  
(mm/s) 
Laser Power (W) 0.10 0.25 0.50 
0.60 44.43µm 45.90µm 44.20µm 
0.37 35.16µm 34.86µm 35.42µm 
0.15 27.61µm 29.65µm 27.16µm 
 
Repetition Rate  
20 kHz 
Scanning Velocity  
(mm/s) 
Laser Power (W) 0.10 0.25 0.50 
0.83 41.55µm 40.97µm 40.00µm 
0.55 32.50µm 31.60µm 32.63µm 
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5.3 Bond Strength of Laser Assisted Bonding of Quartz and Silicon 
 
 Mechanical testing is carried out to produce data that may be used for design 
purposes or as part of a material joining procedure or operator acceptance scheme. 
The most important function may be that of providing design data since it is essential 
that the limiting values that a structure can withstand without failure are known. In 
this experiment, the bond strength of the laser assisted bonding of quartz and silicon 
was to be found to characterize the bonding quality. A tensile testing machine 
(Instron, USA) with an applied force up to 1000N had been used to test the bond 
strength of the bonded samples at a loading velocity of 60µm/min. A special two-
piece fixture had been designed and fabricated for this purpose. Before each test, the 
laser-bonded sample was bonded to the fixture with epoxy resin and allowed to 
solidify under room temperature for 24-48 hours. Figure 5.15 shows the experimental 
setup for tensile testing of the laser bonded samples. The samples were loaded until 
failure occurred. Bond strength is calculated from the force needed to pull the bond 
partners apart divided by the effective bonding area (length and width of the laser 
track). The effective bonding area for each set of parameters is different due to the 
variations in laser track widths as mentioned in the previous section. 
 
For such combination of parameters, five laser bonded samples were pulled 
apart. The Instron tensile testing machine provided readings for maximum load and 
extension at maximum load. The mean bond strength, mean maximum load at fracture 
point and the mean extension at maximum load were calculated according to each 
parameter combination’s effective bonding area. 
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Figure 5.15: Setup for tensile testing of laser bonded samples 
 
5.3.1 Bond strength of laser assisted bonding at 355nm laser wavelength 
 
 Table 5.4 through 5.6 summarized the tensile test results for samples 
processed by the 355nm wavelength laser. Standard deviations for each of the set of 
data are also calculated for comparison of consistency of the results. The highest 
fracture load recorded for this series of experiments was 405.8N under parameters 
settings of P0.6W V0.1mm/s RR12kHz as shown in Figure 5.16. The extension vs. 
load graph showed that the bonded quartz and silicon sample was able to withstand 
increasing loads until it was extended to 190.2µm. With an average laser track width 
of 44.43µm, and hence an effective bonded area of 2.13x10-5m2, an excellent bond 
strength of 19.03MPa was achieved for this sample. Similarly for 20 kHz, a high of 
401.19N was recorded at P0.83W V0.1mm/s. With an average laser track width of 
41.55µm, and an effective bonded area of 1.99x10-5m2, a peak bond strength of 
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20.12MPa was achieved as shown in Figure 5.17. At 20 kHz, the laser processing 
machine can only produce a maximum laser power of 0.83W, and hence a fluence of 
8.42 J/cm2. This is lower than the maximum fluence allowable of 10.2 J/cm2 for a 
good bond without significant damage to the quartz surface. Therefore, the lower 
fluence produced a slightly narrower laser track width and a slightly smaller effective 
bonded area. However, the slightly more powerful laser beam could have accounted 
for the slightly higher bond strength. Looking at another parameter setting of P0.3W 
V0.1mm/s RR6kHz, this setting was at the maximum fluence of 10.2 J/cm2. However, 
a relatively lower fracture load and extension at max load of 349.6N and 162.3µm 
were recorded, respectively. With an average laser track width of 40.8µm and an 
effective bonded area of 1.96x10-5m2, a bond strength of 17.85MPa was achieved for 
this sample as shown in Figure 5.18. Although at this setting, the fluence is higher 
than that at P0.83W RR20kHz, a relatively lower bond strength was recorded. This 



















Figure 5.16: Extension vs. Load graph for P0.6W V0.1mm/s RR12kHz with max load 
405.8N, max extension 190.2µm and bond strength 19.03MPa 
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Figure 5.17: Extension vs. Load graph for P0.83W V0.1mm/s RR20kHz with max 



















Figure 5.18: Extension vs. Load graph for P0.3W V0.1mm/s RR6kHz with max load 
349.6N, max extension 162.3µm and bond strength 17.85MPa 
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0.243 0.1 47.13 107.63 7.83 2.24 
0.243 0.25 33.54 75.63 5.63 0.94 
0.243 0.5 21.47 49.67 3.59 0.80 
0.55 0.1 83.23 190.88 12.24 1.45 
0.55 0.25 65.39 157.18 10.36 1.95 
0.55 0.5 42.63 100.67 6.43 1.70 
0.83 0.1 119.28 264.00 13.24 4.01 
0.83 0.25 99.08 217.57 11.06 4.49 
0.83 0.5 70.28 150.65 7.85 1.87 
 





















0.15 0.1 39.37 84.74 6.39 1.51 
0.15 0.25 27.60 64.30 4.52 0.33 
0.15 0.5 22.11 44.67 3.43 0.27 
0.37 0.1 89.91 208.31 12.34 0.91 
0.37 0.25 71.16 163.84 9.79 2.18 
0.37 0.5 69.49 110.47 6.50 1.80 
0.6 0.1 143.27 322.98 15.14 2.72 
0.6 0.25 96.17 223.49 10.14 1.12 
0.6 0.5 72.58 144.38 6.81 1.17 
 





















0.08 0.1 16.46 41.10 3.10 0.35 
0.08 0.25 17.92 33.04 2.37 0.40 
0.08 0.5 12.64 24.24 1.01 0.07 
0.19 0.1 80.04 191.88 10.24 0.58 
0.19 0.25 53.58 118.81 6.56 2.04 
0.19 0.5 41.66 93.64 4.81 1.62 
0.3 0.1 123.37 278.07 14.20 3.34 
0.3 0.25 69.40 157.51 8.19 0.78 
0.3 0.5 57.22 116.85 5.69 1.56 
 
 From Table 5.5, a peak mean maximum fracture load of 322.98 N is recorded 
at P0.6W V0.1mm/s RR12kHz. Consistently, within a repetition rate, the peak 
maximum fracture load is observed at high power and low velocity settings. At 6 kHz, 
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the peak mean maximum fracture load of 278.07N occurred at P0.3W and V0.1mm/s. 
Like wise, at 20 kHz, the peak mean maximum fracture load of 264N occurred at 
P0.83W and V0.1mm/s. Note that at 20 kHz, due to machine limitations, the laser 
power is maximum at 0.83W (fluence 8.45J/cm2), which is less than the maximum 
fluence of 10.2J/cm2, hence if the laser power is able to hit the maximum fluence for 
good bonding without significant surface damage, the bond strength at 20 kHz could 
have been even higher. Mean maximum bond strength of 15.14MPa was achieved 
under P0.6W V0.1mm/s RR12kHz as shown in Table 5.5. A slightly lower mean 
maximum bond strength of 14.2MPa was recorded at P0.3W V0.1mm/s RR6kHz 
(Table 5.6), while at P0.83W V0.1mm/s RR20kHz the bond strength was 13.24MPa 
(Table 5.4). An important point here is that a higher bond strength is recorded at a low 
power high fluence setting (14.20MPa at P0.3W RR6kHz 10.2 J/cm2) than a high 
power low fluence setting (13.24MPa P0.83W RR20kHz 8.45 J/cm2). This clearly 
shows that fluence also has some effect on improving bond strength. It is consistent 
that the maximum bond strength at each repetition rate occurred at high fluence and 
low scanning velocity. Conversely, the lowest bond strengths were recorded at low 
fluence and high scanning velocity at each repetition rate. For complete tabulations of 
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5.3.2 Fracture site of laser assisted bonding at 355nm laser wavelength 
 
 After the samples were pulled apart by the Instron tensile testing machine, the 
separated quartz and silicon surfaces were examined under a microscope. The purpose 
of this is to determine the fracture site of the laser assisted bonds and characterize the 
quality of the bonds. Figures 5.19 and 5.20 show the pulled apart quartz and silicon 
surfaces for 12 kHz and 20 kHz, respectively. As observed from the micrographs 
from Figure 5.19, at low laser power settings (P0.15W to P0.37W), i.e. for samples 
with relatively lower bond strengths, the fracture sites were at the laser tracks 
themselves. The laser assisted bonds at low laser power settings failed cleanly at the 
laser tracks; there was no quartz residue on the silicon surfaces and vice versa. 
However, as scanning velocity was reduced to 0.1mm/s at P0.37W or laser power was 
increased beyond P0.37W, i.e. in cases which yielded high bond strengths, it was 
found that the fracture sites were clearly at the quartz side underneath the chromium 
layer. As seen from the micrographs in Figure 5.19(a) for P0.6W, some areas of the 
quartz surface was ripped up during tensile loading to expose the raw quartz 
underneath the deposited gold and chromium layers. The quartz that was ripped up 
could still be seen bonded to the silicon surfaces at some parts (Figure 5.19(b)). Under 
such parameter settings, the laser assisted bonds between quartz and silicon via the 
intermediate layers were still intact at some parts of the bond pad, and failure did not 
occur at the bonds themselves but at other regions (at quartz side). This showed that 
the quality of the bonds were excellent. On closer inspections, it could be seen that at 
mid power (P0.37W V0.1mm/s) the quartz was ripped up only at surrounding regions 
of the laser tracks (Figure 5.19(b)), while at cases which yielded even higher bond 
strength, quartz was ripped up even at non-bonded regions. 
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Figure 5.19(a): Top view of pulled apart quartz surfaces for samples processed at 12 
kHz 355nm laser wavelength 
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Figure 5.19(b): Top view of pulled apart silicon surfaces for samples processed at 12 
kHz 355nm laser wavelength 
Scanning Velocity (mm/s) 
Laser tracks 
Quartz still bonded 
to silicon surface 
Original non-bonded tin/ gold/ 
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Figure 5.20(a): Top view of pulled apart quartz surfaces for samples processed at 20 
kHz 355nm laser wavelength 
 
 













Quartz surface ripped up 


































Ch 5: RESULTS AND DISCUSSIONS 
_____________________________________________________________________ 
 
         
 
         
 
         
 
 
Figure 5.20(b): Top view of pulled apart silicon surfaces for samples processed at 20 
kHz 355nm laser wavelength 
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 Similarly, at 20 kHz, the same phenomena were observed. Large chunks of 
quartz were ripped apart from its original state in cases which produced high bond 
strength, particularly at P0.83W as shown in Figure 5.20(a). These chunks of uprooted 
quartz could still be seen bonded to the silicon surfaces as shown in Figure 5.20(b). 
On closer inspection, it could be seen that not only quartz at the laser irradiated region 
(within close vicinity of the laser tracks) was ripped up, quartz in between the laser 
tracks that were not bonded at the interface were also ripped up. This showed the 
intense strength of the laser assisted bonds. Figure 5.21 shows the general top views 
of the pulled apart surfaces at various parameter settings in order of increasing bond 
strengths. It could be seen that as the bond strength increases, the amount of quartz 
still bonded to the silicon surfaces changes from none (at low power) to small bits in 
the vicinity of the laser tracks (at mid power) to large chunks even over non-bonded 
regions (at high power). Therefore, as bond strength increases, the failure site of the 
samples clearly shifted from the laser track itself (at low power), to just within the 
vicinity of the laser track at the quartz underneath the chromium layer (at mid power), 
to a general plane inside the quartz underneath the chromium layer (at high power). 
More importantly, the fact that the failure site was not at the laser assisted bonds 
themselves showed that the bonds were very strong and that the bonding did not fail 
even when the quartz material had failed. For more micrographs of pulled apart 
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Figure 5.21: General top view of pulled apart silicon surfaces at various parameter 
settings 
 






























Chunks of quartz still bonded to silicon 

















Bits of quartz residues at laser track 
Failure in quartz at the laser tracks 
No quartz residues 
Failure at the laser tracks 
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5.3.3 Bond strength of laser assisted bonding at 266nm laser wavelength 
 
 As mentioned in section 5.1, the feasible parameter window at 266nm laser 
wavelength is very limited. Laser power could only be varied a maximum range of 
0.03W for good bonding to occur without significant damage to the quartz surface, 
which is translated to a feasible fluence range of only 0.3 J/cm2. This is due to the fact 
that the transmission rate of quartz at 266nm (87.5%) is lower than that at 355nm 
(90.5%). A mere 3% increase in transmission rate enabled the parameter window to 
increase from 0.3 J/cm2 (at 266nm) to 7.72 J/cm2 (at 355nm). This clearly emphasized 
the need to choose a bond partner with transmission rate over 90% for a large enough 
fluence window to make comparisons meaningful. The laser power settings at 266nm 
wavelength were regarded as point values and only scanning velocity was varied 
within each repetition rate. Table 5.7 below summarized the tensile test results for 
samples bonded using laser beam of 266nm wavelength. For complete tabulations of 
tensile test results at 266nm laser wavelength, please refer to Appendix D. 
 






















12 0.136 0.1 47.67 105.82 8.82 1.51 
12 0.136 0.25 30.87 69.23 5.77 1.09 
12 0.136 0.5 11.06 22.84 1.90 0.31 
16 0.181 0.1 53.21 109.15 9.10 1.87 
16 0.181 0.25 33.37 73.68 6.14 1.03 
16 0.181 0.5 13.16 28.55 2.38 0.37 
20 0.24 0.1 64.18 117.11 9.76 1.14 
20 0.24 0.25 40.89 92.41 7.70 1.43 
20 0.24 0.5 16.19 41.10 3.42 0.39 
 
 The highest fracture load recorded for this series of experiments was 141.98N 
for a sample processed at P0.181W V0.1mm/s RR16kHz. Figure 5.22 shows the 
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extension vs. load graph for that sample. Fracture loads of similar magnitude were 
also recorded at low scanning velocity within each repetition rate. High fracture loads 
of 126.68N and 132.24N were recorded at P0.136W V0.1mm/s RR12kHz and 



















Figure 5.22: Extension vs. Load graph for P0.181W V0.1mm/s RR16kHz with max 
load 141.98N, max extension 69.53µm and bond strength 11.83MPa 
  
 The maximum mean bond strength at 266nm is 9.76MPa at P0.24W 
V0.1mm/s RR20kHz as shown in Table 5.7. The corresponding mean maximum load 
and extension at max load are 117.11N and 64.18µm, respectively. This is much 
lower than that reported for 355nm laser wavelength samples (322.98N and 
143.27µm). Mean bond strengths of 8.82MPa and 9.10MPa were achieved at 12 and 
16 kHz, respectively. As observed, the mean bond strengths did not vary more 1MPa 
at low scanning velocity across the three repetition rates; this again was due to the 
tight fluence windows at this wavelength. Table 5.8 compares tensile test results 
between the two wavelengths at 12 and 20 kHz with near-equal fluences. The results 
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obtained at 266nm are generally higher than that obtained at 355nm; this is because 
the absorption rates of the various materials at 266nm are slightly higher. Hence more 
energy was absorbed for bonding. However, due to the limited parameter window, 
bond strength could not increase further. Therefore, most of the subsequent 
experimental efforts were emphasized on laser bonding at 355nm laser wavelength.  
 




























266 12 0.136 0.1 47.67 105.82 8.82 2.31 
355 12 0.15 0.1 39.37 84.74 6.39 2.72 
266 12 0.136 0.25 30.87 69.23 5.77 2.31 
355 12 0.15 0.25 27.60 64.30 4.52 2.72 
266 12 0.136 0.5 11.06 22.84 1.90 2.31 
355 12 0.15 0.5 22.11 44.67 3.43 2.72 
266 20 0.24 0.1 64.18 117.11 9.76 2.45 
355 20 0.243 0.1 47.13 107.63 7.83 2.48 
266 20 0.24 0.25 40.89 92.41 7.70 2.45 
355 20 0.243 0.25 33.54 75.63 5.63 2.48 
266 20 0.24 0.5 16.19 41.10 3.42 2.45 
355 20 0.243 0.5 21.47 49.67 3.59 2.48 
 
 
5.3.4 Fracture site of laser assisted bonding at 266nm laser wavelength 
 
 Figure 5.23 shows the quartz surfaces after the bonded samples were pulled 
apart. There are no appreciable differences between the pulled apart surfaces at the 
various parameter combinations. The fracture sites of the samples processed by laser 
of 266nm wavelength were clearly at the laser tracks. No quartz could be seen to be 
ripped up after the tensile loading as what was seen for 355nm samples. The 
micrographs in Figure 5.23 showing the pulled apart silicon surfaces revealed no 
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quartz residues, hence verifying that the fracture sites of 266nm wavelength laser 
bonded samples were indeed at the laser tracks.  
 
         
 
         
 






















Repetition Rate (kHz)/ [Laser Power] (W)/ {Fluence} (J/cm2)  
Figure 5.23: Top view of pulled apart quartz surfaces for samples processed at 12 and 
20 kHz 266nm laser wavelength 
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Repetition Rate (kHz)/ [Laser Power] (W)/ {Fluence} (J/cm2) 
Figure 5.24: Top view of pulled apart silicon surfaces for samples processed at 12 and 
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5.4 Effects of Process Parameters on Laser Assisted Bonding 
 
 Much industrial research and experimentation is conducted to discover the 
individual and joint effects of several factors on variables which are most relevant to 
phenomena under investigation. In the following sections, the effects of important 
laser process parameters on bond strength will be determined, a clear picture of the 
trends of bond strength when parameters are varied will be presented and the effects 
of the process parameters will also be quantified though the use of statistical tools. 
 
5.4.1 Effects of process parameters at 355nm laser wavelength 
 
 From Section 5.3.1, it was established that a single-pass, non-overlapping laser 
assisted bond pad with an effective bonded area of 20µm2 could withstand tensile 
loads of over 320 N; a mean bond strength of over 15MPa, under high laser power/ 
fluence and low scanning velocity conditions. Figures 5.25 through 5.27 show the 
effects of laser power/ fluence and scanning velocity on bond strength at 20, 12 and 6 
kHz, respectively. From the figures, it is evident that the laser assisted bonds are 
stronger at high laser power/ fluence and low scanning velocity settings. From Figure 
5.25(a), it can be seen that at 20 kHz, the bond strengths at various scanning velocities 
had a rising trend when laser power/ fluence was increased. Similar trends can be 
observed at 12 and 6 kHz (Figures 5.26(a) and 5.27(a)). This is simply because higher 
laser power translates into more energy for bonding. 
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Figure 5.25: Effects of Laser Power (a) and Scanning Velocity (b) on Bond Strength 
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Figure 5.26: Effects of Laser Power (a) and Scanning Velocity (b) on Bond Strength 
for samples processed by 355nm wavelength laser at Repetition Rate 12 kHz 
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Figure 5.27: Effects of Laser Power (a) and Scanning Velocity (b) on Bond Strength 
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 When scanning velocity is increased, the total amount of laser energy 
delivered to the intermediate layers is reduced; hence less energy is available for 
bonding. This resulted in decreasing trends in bond strength through the repetition 
rates as scanning velocity is increased (Figures 5.25(b), 5.26(b) and 5.27(b)). 
 
 To compare the effects of repetition rate on bond strength, a reference level 
has to be selected and in this case fluence will be suitable. As fluence remains 
constant, energy delivered per pulse to the intermediate layers for bonding remains 
constant. As repetition rate increases when fluence remains constant, it means that the 
pulse energy of the laser beam is still the same just that more pulses are delivered to 
the intermediate layers. As more pulses were delivered for bonding, the total energy 
available for bonding was also increased. For example at a constant fluence of 10.2 
J/cm2, when repetition rate doubled from 6 to 12 kHz, the maximum laser power also 
doubled from 0.3 to 0.6W. Hence effectively, when repetition rate is increased, the 
highest laser power that can be delivered for bonding without significant surface 
damage to the quartz also increases. Figure 5.28 shows the effects of repetition rate on 
bond strength at a constant fluence of about 2.6 J/cm2, and indeed an increase in 
repetition rate resulted in an increase in bond strength.  
 
 Therefore, it can be concluded that the bond strength for laser assisted bonding 
of quartz and silicon via intermediate layers at 355nm laser wavelength is optimal at 
the highest possible repetition rate and laser power and at low scanning velocity. 
However, a minimum fluence of 2.48 J/cm2 has to be exceeded for bonding to occur 
and a maximum fluence of 10.2 J/cm2 cannot be exceeded for good bonding with no 
significant damage to the quartz surface.  
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5.4.2 Effects of process parameters at 266nm laser wavelength 
 
 Figure 5.29(a) shows the effects of increased laser power with constant 
fluence on bond strength. It can be seen that within a constant scanning velocity, bond 
strength has an increasing trend as power increases. The effect of laser power on bond 
strength is very small (less then 2MPa) due to the limited parameter window. The 
trend line between bond strength and scanning velocity is much steeper as shown in 
Figure 5.29(b). Scanning velocity definitely has a great effect on bond strength as it 
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Figure 5.29: Effects of Laser Power (a) and Scanning Velocity (b) on Bond Strength 
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5.4.3 Statistical analysis using ANOVA for 355nm wavelength results  
 
 With the knowledge of the effects of various process parameters have on bond 
strength, the following section will quantify the individual effects of laser power and 
scanning velocity on bond strength. Moreover, it will be determined if their 
interactions have significant effects on bond strength. To achieve these goals, the 
principle of 2-way Analysis of Variance (ANOVA) with interactions and replications 
is used. Table 5.9 shows the ANOVA table for repetition rate 6 kHz, it can be 
deduced that at 0.05 levels, the effects of laser power (A), scanning velocity (B) and 
their interactions (AB) on bond strength are significant. Similarly at 0.01 levels, the 
effects of laser power (A), scanning velocity (B) and their interactions (AB) are also 
significant. For statistical calculations, please refer to Appendix E. 
 
Table 5.9: ANOVA table for 6 kHz 
 









Replicates (R) 4 9.115 2.279 0.987 
Laser power (A) 2 409.260 204.630 88.640 
Scanning velocity (B) 2 220.750 110.375 47.811 
Interaction (AB) 4 58.611 14.653 6.347 
Error (E) 32 73.874 2.309 - 
Total (T) 44 771.610 - - 
F0.05 for dof (2, 32) = 3.302   F0.01 for dof (2, 32) = 5.348 
   dof (4, 32) = 2.674      dof (4, 32) = 3.982 
 
 Table 5.10 shows the ANOVA table for results at 12 kHz, it can be deduced 
that at 0.05 levels, effects of laser power (A), scanning velocity (B) and their 
interactions (AB) are significant. However at 0.01 levels, only the effects of laser 
power (A) and scanning velocity (B) are significant, while their interactions have no 
significant effects on bond strength. 
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Table 5.10: ANOVA table for 12 kHz 
 









Replicates (R) 4 5.644 1.411 0.567 
Laser power (A) 2 295.277 147.639 59.364 
Scanning velocity (B) 2 245.966 122.983 49.450 
Interaction (AB) 4 38.6 9.65 3.880 
Error (E) 32 79.585 2.487 - 
Total (T) 44 665.072 - - 
F0.05 for dof (2, 32) = 3.302   F0.01 for dof (2, 32) = 5.348 
   dof (4, 32) = 2.674      dof (4, 32) = 3.982 
 
 Table 5.11 shows the ANOVA table for results at 20 kHz, it can be deduced 
that at 0.05 levels and 0.01 levels, only effects of laser power (A) and scanning 
velocity (B) are significant. The interaction effects of laser power and scanning 
velocity diminishes as repetition rate increased from 6 to 12 kHz, and as repetition 
rate increased further from 12 to 20 kHz, their interactions no longer have any effect 
on bond strength.  
 
Table 5.11: ANOVA table for 20 kHz 
 









Replicates (R) 4 43.897 10.974 1.989 
Laser power (A) 2 211.891 105.946 19.206 
Scanning velocity (B) 2 201.169 100.585 18.234 
Interaction (AB) 4 5.337 1.334 0.242 
Error (E) 32 176.519 5.516 - 
Total (T) 44 638.813 - - 
F0.05 for dof (2, 32) = 3.302   F0.01 for dof (2, 32) = 5.348 
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5.5 TOF-SIMS Analysis across Bond Interface 
 
 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a surface 
analytical technique that uses an ion beam to remove small numbers of atoms from 
the outermost atomic layer of a surface. A short pulse of primary ions strikes the 
surface, and the secondary ions produced in the sputtering process are extracted from 
the sample surface and into a time-of-flight mass spectrometer. These secondary ions 
are dispersed in time according to their velocities (which are proportional to their 
mass/charge ratio m/z). Discrete packets of ions of differing mass are detected as a 
function of time at the end of the flight tube. This technique is utilized to better 
understand the behavior of the gold and tin thin films before and after laser treatment. 
Figure 5.30 shows the TOF-SIMS results for the intermediate thin film structure 
before laser treatment is applied. The results showed that before laser irradiation is 
applied to the intermediate layers, the Cr, Au and Sn layers are intact with minimum 
diffusion amongst each layers. 
 
 For TOF-SIMS analysis, samples with single-pass, overlapping laser tracks 
were made. The centre-to-centre distance between each laser track was half of its 
width so that an overlapping bond pad was formed. After laser treatment, the sample 
was grinded and polished on the silicon side to remove most of the silicon bulk until a 
very thin layer of silicon lied before the intermediate layers. The thinned and polished 
sample was then analyzed using TOF-SIMS across the intermediate layers and 
through to the quartz bulk. Figure 5.31 shows the TOF-SIMS result for a sample that 
had undergone laser treatment with parameters as shown (P0.83W V0.1mm/s 
RR20kHz). The TOF-SIMS results showed a distinct melt zone whereby the initially 
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separate layers of Au and Sn are no longer conspicuous. This showed that within the 
melt zone, Au and Sn had combined to form a new alloy. 
 
 
Au Sn Au Quartz bulk Silicon bulk 
 
Figure 5.30: TOF-SIMS results showing original intermediate thin film structure 









Quartz bulk Melt zone Silicon bulk Possible heat 
affected zone 
Figure 5.31: TOF-SIMS results across the intermediate layers after laser bonding 
(P0.83W, V0.1mm/s, RR20kHz) 
 
 TOF-SIMS analysis was also done for P0.6W V0.1mm/s RR12kHz (Figure 
5.32) and P0.3W V0.1mm/s RR6kHz (Figure 5.33) as these are the settings that 
produced the highest bond strengths.  
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Quartz bulk Melt zone Silicon bulk Possible 
HAZ 
Figure 5.32: TOF-SIMS results across the intermediate layers after laser bonding  
(P0.6W, V0.1mm/s, RR12kHz) 
 
 Similarly, the distinct layers of gold and tin as seen in Figure 5.30 are no 
longer evident in these two TOF-SIMS graphs, and a heat affected zone is possible 
before the quartz bulk. 
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Quartz bulk Melt zone Possible 
HAZ 
Silicon bulk
Figure 5.33: TOF-SIMS results across the intermediate layers after laser bonding  
(P0.3W, V0.1mm/s, RR6kHz) 
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5.6 Cross-Sectional Analysis of Bond Interface using SEM and EDX 
 
 The Field-Emission Gun Scanning Electron Microscope (FEG-SEM, JEOL 
JSM 6700F, Japan) is capable of analytical microscopy at very high spatial resolution. 
The Scanning Electron Microscope forms an image of the surface of materials by 
scanning a fine electron beam. Both secondary and backscattered electrons can be 
collected giving information about the surface topography and atomic weight of the 
sample. It is also equipped with an Energy Dispersive X-ray (EDX) spectrometer for 
elemental identification. 
 
5.6.1 Scanning Electron Microscope Analysis of cross-section 
  
 Laser processed (355nm wavelength) samples were first set in a clear epoxy 
resin with their cross sections facing the flat surfaces. The hardened cylindrical blocks 
were grinded and polished using Struers RotoPol-15 machine at the flat surfaces until 
the cross sections of the laser tracks were revealed under a microscope as shown in 




Space Laser bonds 
Intermediate layers 
Silicon substrate 
Figure 5.34: Cross sections of laser tracks as seen under a microscope  
(P0.3W V0.1mm/s RR6kHz) 
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 In some cases whereby contact between the quartz chip and silicon substrate 
was not particularly intimate, space could be present in the intermediate layers as 
shown in the above micrographs. However, after laser treatment, bonding can still 
occur. This showed that the surface roughness requirement for laser assisted bonding 
is not high, as compared to conventional bonding techniques such as direct fusion 
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Laser Bond 
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(25µm diameter) Quartz bulk 
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Figure 5.35: SEM m
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 The above micrograph
melt propagation and heat 
respectively with respect to th
 Vertical HAZ in Silicon 
icrograph of a typical laser track cross section 
0.3W V0.1mm/s RR6kHz) 
 shows clearly the laser bond in the center with liquid 
affected zones extending horizontally and vertically 
e bond. The presence of a vertical heat affected zone 
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verified the TOF-SIMS results from the previous section. The laser bond can be 
portrayed as a pillar-like structure of gold/tin alloy that forms a strong joint between 
the two materials and can reflow to transcend empty spaces possibly-present in the 
initial interface. On closer examination, the “intermediate layers” in this micrograph 
is about 4µm, but the total thickness of the metallic films is only 2µm. Therefore, 
there is a 2µm thick empty space within this “intermediate layers”. Despite the 
presence of this relatively large gap, the laser bonding process was able to “bridge” 
the interface to form a uniform pillar-like structure that eliminated any voids within 
the laser bond. This emphasizes the flexibility and low surface roughness requirement 
of this novel laser bonding process and its potential for practical applications.  
  
 The combined horizontal liquid melt propagation zones extends from 2µm (at 
low laser power/ fluence, high scanning velocity settings) to approximately 19µm (at 
high laser power/ fluence, low scanning velocity settings) as mentioned in Section 
5.2.3 earlier. The vertical heat affected zone in the silicon substrate is not always 
visible in other parameter combinations. However, the vertical heat affected zone in 
the quartz chip is present in all settings of high laser power/ fluence. This HAZ is a 
direct reflection of the laser beam shape. The energy delivered in a pulse is most 
intense at the center of the laser beam as illustrated by the graphics at the beginning of 
the chapter (Figure 5.1). Hence, the height of the HAZ is greatest at the center of the 
laser beam path and decreases sharply at the sides. Figure 5.36 shows four SEM 
micrographs of laser track cross-sections processed at 6 kHz. The height of the HAZ 
did not vary significantly with velocity at high laser power/ fluence settings (P0.3W, 
10.20 J/cm2); from 19.32µm (V0.1mm/s Figure 5.36(a)) to 18.86µm (V0.5mm/s 
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Figure 5.36(b)). However, when laser power/ fluence were reduced to 0.08W/ 2.72 
J/cm2, this HAZ reduced to near zero (Figure 5.36(c) and (d)).  
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Figure 5.36: SEM micrographs of laser track cross-sections processed at 6 kHz 
 
 The height of the heat affected zone in the quartz chip did not vary 
significantly with scanning velocity at other repetition rates as well. At 12 kHz, this 
HAZ varied from 18.48µm (P0.6W V0.1mm/s Figure 5.37(a)) to 18.12µm (P0.6W 
V0.5mm/s Figure 5.37(b)). Comparing these values with those from 6 kHz, it can be 
observed that the height of the HAZ remained fairly constant when fluence was 
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unchanged (~10.20 J/cm2). The HAZ was again non-existent at low fluence (2.55 
J/cm2) as seen in Figures 5.37(c) and (d). 
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Figure 5.37: SEM micrographs of laser track cross-sections processed at 12 kHz 
 
 At a lower fluence of 8.45 J/cm2 (RR20kHz P0.83W), the height of the heat 
affected zone in the quartz chip was appreciably shorter, varying from 17.41µm 
(V0.1mm/s Figure 5.38(a)) to 16.14µm (V0.5mm/s Figure 5.38(b)). At low fluence of 
2.48 J/cm2, the HAZ was non-existent, which is consistent with previous results. 
Comparing the SEM micrographs of RR20kHz P0.243W (Figure 5.38) and RR6kHz 
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P0.3W (Figure 5.36), it can be observed that though the laser power in the two 
settings was close, the difference in the height of the HAZ was tremendous. This goes 
to show that laser power does not define the height of the heat affected zone in the 
quartz chip; fluence level is more definitive in describing this heat affected zone. It 
can further be deduced that as fluence exceeds 10.20 J/cm2, the vertical heat affected 
zone will extend further until cracks begin to form which eventually led to surface 
damage to the quartz chip. 
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Figure 5.38: SEM micrographs of laser track cross-sections processed at 20 kHz 
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 Hence, it can be concluded that this laser bonding process has low surface 
roughness requirements, and the laser bond is a pillar-like structure that has the ability 
to form a “bridge” across micro-voids. Fluence defines the extension of the heat 
affected zone in the quartz bulk, which have a maximum reach of 20µm vertically. 
The liquid melt can propagate up to 10µm from each side of the laser spot. 
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5.6.2 Energy Dispersive X-ray measurements 
  
 An Energy Dispersive X-ray (EDX) spectrometer was used to identify the 
atomic percentage distribution of Au and Sn at the laser bond as well as at other 
various positions in the vicinity of the bond. Figure 5.39 shows the positions whereby 
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Figure 5.39: EDX analysis for laser track cross-section (P0.3W V0.1mm/s RR6kHz) 
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 From Spectrum 1 (Figure 5.39(a)), the laser bond is a Au-Sn alloy with a 
weight percentage distribution of 81.14%:18.86% (Au:Sn), which is consistent with 
the initial Au/Sn thin film structure. Within the laser bond, two different traces across 
the intermediate layers indicate that the Au and Sn composition across the bond are 
relatively uniform; hence showing the liquid phase bonding resulted in a fairly 
homogeneous alloy (see Figure 5.40). The heat affected zone consists of only Si and 
O with no diffusion of Au or Sn as shown in Spectrum 2 (Figure 5.39(b)). The 
intermediate layers outside of the laser bond remain separate thin films of only Au at 
the quartz side (Spectrum 3) and Au and Sn (63.37%:36.63% Au:Sn) at the silicon 
side (Spectrum 4). This indicates that outside the laser irradiated region, the 
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close to 80%:20% (actual: 76.22%:23.78%). Traces across the laser bond also 
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Figure 5.41: EDX analysis for laser track cross-section (P0.6W V0.1mm/s RR12kHz) 
  
 The quartz in the heat affected zone just above the laser bond experienced no 
diffusion, which indicates that the 33nm Cr layer is an excellent diffusion barrier. 
There was no gap within the intermediate layers as in this case contact between the 
two bond partners was excellent. Hence, EDX was applied to the layers close to each 
of the two bond partners as shown in the micrograph. Results show that in Region 3 
 90
Ch 5: RESULTS AND DISCUSSIONS 
_____________________________________________________________________ 
(Figure 5.41(c)), there is no sign of Sn, while in Region 4 (Figure 5.41(d)), a high 
percentage of Sn is present with respect to Au (57.12%:42.88% Au:Sn). Once again, 
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 Figure 5.42 shows the EDX results for the laser track cross-section processed 
at P0.83W V0.1mm/s RR20kHz. The conclusions drawn are essentially similar to the 
previous results from 6 and 12 kHz. Figure 5.42(e) (Spectrum 5) shows the EDX 
spectrum of the non-laser-processed quartz bulk. As expected, only Si and O elements 
are identified. More importantly, Spectrum 5 closely matches the spectrums of the 
heat affected zones in each of the three laser track cross-sections (compare Figures 
5.39(b), 5.41(b), 5.42(b) and 5.42(e)). This shows that the single-crystal quartz did not 
experience significant elemental changes in the heat affected zones. 
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5.7 Au-Sn Phase Identification in the Bond Interface using XRD 
 
 About 95% of all solid materials can be described as crystalline. When X-rays 
interact with a crystalline substance (Phase), one gets a diffraction pattern. In 1919 A. 
W. Hull gave a paper titled, “A New Method of Chemical Analysis”. Here he pointed 
out that “…every crystalline substance gives a pattern; the same substance always 
gives the same pattern; and in a mixture of substances each produces its pattern 
independently of the others”. The X-ray diffraction pattern of a pure substance is, 
therefore, like a fingerprint of the substance. The powder diffraction method is thus 
ideally suited for characterization and identification of polycrystalline phases. Today 
about 50,000 inorganic and 25,000 organic single components, crystalline phases and 
diffraction patterns have been collected and stored on magnetic or optical media as 
standards. The main use of powder diffraction is to identify components in a sample 
by a search/match procedure. Furthermore, the areas under the peak are related to the 
amount of each phase present in the sample. 
 
 The equilibrium phase diagram of the Au-Sn system shown in Figure 5.43 
[61] is complex due to the existence of four different stable intermetallic compounds 
as well as two eutectic and at least three peritectic [an isothermal, reversible reaction 
between two phases, a liquid and a solid that results, on cooling of a binary, ternary, 
..., n system, in one, two, ... (n-1) new solid phases] points. The four intermetallic 
compounds are Au5Sn, AuSn, AuSn2 and AuSn4 as shown below. The ζ phase has 
been found to extend at least from 9.1 at.% Sn at 521ºC to 17.6 at.% Sn at 280ºC. The 
ζ' phase is a stable intermetallic compound (Au5Sn) with an Sn content of 16.7 at.%. 
The homogeneity range of the ζ' phase is less than 1 at.% at low temperatures and it 
 93
Ch 5: RESULTS AND DISCUSSIONS 
_____________________________________________________________________ 
exists up to 195ºC where a congruent reaction occurs, forming the ζ phase. Another 
characteristic of the ζ' phase is the eutectoid reaction ( )AuSnζζ / +↔  in which solid 
solution ζ changes to two different solid solutions at the eutectoid temperature. This 





Figure 5.43: Au-Sn equilibrium phase diagram and intermetallic compounds [61] 
 
 The δ phase is the AuSn intermetallic compound with a melting point of 
419.3ºC. This non-stoichiometric compound has a homogeneity range between 50.0 
and 50.5 at.% Sn. A eutectic reaction occurs where a single liquid solution changes 
into two entirely solid phases at 29.5 at.% Sn and has the reaction . 
This eutectic alloy has as its constituents the ζ and δ phases. The eutectic temperature 
of this alloy is 280ºC. The intermediate layers in this experiment are set close to this 
( )AuSnζL +↔
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eutectic point of 20 wt.% Sn and 80 wt.% Au so that bonding by liquid phase 
diffusion can be achieve at a low temperature of 280ºC. 
 
 The ε phase is the AuSn2 intermetallic compound. The temperature of the 
peritectic reaction ( ) εδ ↔+L  is 309ºC, giving the liquidus composition of 71.3 at.% 
Sn. The η phase is the AuSn4 compound. There is a peritectic reaction ( ) ηε ↔+L  at 
252ºC, giving the liquidus composition of about 88.5 at.% Sn. 
 
 Single-pass overlapping laser processed samples were prepared for XRD 
analysis as shown in Figure 5.44. The diffraction spectrum of a non-laser processed 
sample can be seen at the base of the reflected intensities versus detector angle 2-theta 
plot in Figure 5.45. Subsequent diffraction spectrums of laser processed samples are 
arbitrarily spaced (+0.12) for comparison purposes. The laser bonded samples were 
processed at V0.1mm/s and at various laser power and repetition rate settings.  
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 The initial pre-laser processed sample (see Figure 5.44 spectrum(a)) consists 
of separate thin films of Cr, Au and Sn. The thin films are Au rich as depicted by the 
high peaks at 2-theta = 81.804 (~1.55Cps) and at 2-theta = 38.217 (~0.29Cps). After 
sputtering, the Sn layer is exposed to ambient prior to laser processing. Oxidation of 
the Sn layer is evident at pre-laser processed stage as depicted by the SnO2 peak at 2-
theta = 68.051, and the oxide remains intact after laser bonding (see SnO2 peaks at 
other spectrums).   
 
 During laser processing, the nanosecond-pulse laser moves along the 
intermediate layers. Due to the short pulses and movement of the laser beam, it is 
thought that the temperature at the interface will drop rapidly from its maximum as 
the beam passes [47]. As the laser pulses first hit a spot in the interface, temperature at 
that spot will raise over 280ºC. Due to the pre-set Au-Sn composition of 80:20 wt.%, 
the Au and Sn thin films will melt to form a liquid solution with a composition of 29.5 
at.% Sn. When the laser beam passes the spot, temperature will drop pass 280ºC when 
the eutectic reaction ( AuSnζL )+↔  will occur. The liquid solution will change into 
the ζ and δ (AuSn) solid phases. As the spot cools further to 190ºC, the eutectoid 
reaction ( )AuSnζζ / +↔  will occur in which the solid solution ζ changes to ζ' 
(Au5Sn) and δ (AuSn) solid solutions. This suggested mechanism of the laser bonding 
process is backed up by evidences in the diffraction spectrums; after laser bonding, 
the Au in the original composite is consumed as depicted by the dramatic drop in 
intensities at the two Au peaks at 2-theta = 81.804 & 38.217 (compare spectrum (a) 
with (b) to (g) in Figure 5.45). However, this theory suggests that only two of the four 
intermetallics, Au5Sn and AuSn, will be present in the resultant alloy. According to 
the diffraction spectrums, the laser processed samples have Au5Sn peaks at 2-theta = 
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69.641 & 77.616, as well as AuSn peaks at 2-theta = 75.502 & 76.336 & 82.978. 
AuSn2 and AuSn4 cannot be identified. These evidences, coupled with EDX data from 
Section 5.6, which showed that the composition of Au:Sn at the cross section of the 
laser bond is close to 80:20 wt.%, suggest that the proposed laser bonding mechanism 
may be valid. 
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 The diffraction spectrums for laser bonded samples processed at V0.5mm/s as 
shown in Figure 5.46 (a) to (g) yielded similar results as those processed at 
V0.1mm/s, thus confirming that the proposed laser bonding mechanism also occurred 
at high scanning velocities. As seen from Figure 5.46, the various peaks from 2-theta 
= 63 to 85 matched closely to those observed in the diffraction spectrums in Figure 
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5.8 Steady State Temperature Humidity Bias Life Test 
 
 Laser bonded interfaces/ joints can serve as encapsulation or seal, or electrical 
contacts between MEMS and its parent circuit. The Steady-State Temperature 
Humidity Bias Life Test (EIA/JEDEC Standard JESD22-A101-B, ref.56) was 
performed for the purpose of evaluating the reliability of non-hermetic packaged 
solid-state devices in humid environments. It employs conditions of temperature, 
humidity, and bias that accelerate the penetration of moisture through the external 
protective material (encapsulant or seal) or along the interface between the external 
protective material and the metallic conductors which pass through it. The test 
requires a temperature-humidity test chamber capable of maintaining a specified 
temperature and relative humidity continuously, while providing electrical 
connections to the devices under test in a specified biasing configuration. Samples for 













to multi meter 
Soldered wires 
to multi meter 
Figure 5.47: Sample setup for life test in temperature humidity chamber 
 
 Three samples were prepared namely P0.83W V0.1mm/s RR20kHz, P0.6W 
V0.1mm/s RR12kHz and P0.3W V0.1 RR6kHz. As shown in the schematic diagram 
above, only part of the silicon surface was sputtered with Sn, and only this region was 
laser bonded to form an “s” shape structure. Wires were soldered onto the Au surfaces 
at either side as shown and connected to multi meters to measure the resistance across 
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the laser bonded region. The samples were placed in a temperature humidity chamber 
at 85°C and relative humidity 85% for 200 hours. Readings of resistance were taken 
regularly. If moisture penetrates the laser-bonded regions, it will cause a surge in 
resistance and ultimately lead to breakage of the bond. 
  
 Table 5.12 below shows the results of the steady state temperature humidity 
life test. The resistances before and after the 200 hours test did not differ more than a 
maximum of 0.52ohms. This showed that the laser bonded interfaces are not 
penetrated by moisture and can withstand high temperatures for extend periods of 
time, exhibiting the excellent quality of the laser joints.  
 
Table 5.12: Steady state temperature humidity life test for laser bonded interfaces 








Time of Exposure 
(Hr) Resistance (ohms) 
0 0.78 0.73 0.52 
24 0.79 0.74 0.48 
48 0.8 0.75 0.51 
72 0.81 0.84 0.73 
96 0.81 0.87 0.82 
103 0.82 0.96 0.65 
168 0.93 1.13 0.57 
200 0.95 1.25 0.61 
Range of 










 A novel localized laser assisted eutectic bonding process is introduced and 
characterized. Single crystal quartz is bonded to silicon chips via intermediate layers 
with a Au:Sn composition of 80:20 wt.% that melts at a low temperature of 280ºC. 
Laser light of 266 and 355nm wavelengths with spot diameters of 25µm is used as 
localized heating source to provide the energy to melt the Au-Sn thin films. To better 
understand the effects important laser process parameters have on the strength of the 
laser bond, a L45(32) DOE with replications and interactions is utilized. The following 
summaries the salient points of this project: 
 
• Good laser bonding is defined as an effective and sustained bonding of the 
quartz and silicon chips with minimum damage to the quartz surface. The 
parameter window is defined by the feasible fluence range at each laser 
wavelength: 2.12J/cm2 to 2.45J/cm2 for 266nm, and 2.48J/cm2 to 10.20J/cm2 
for 355nm. Laser bonding cannot occur below the lower fluence limits, while 
surface damage to the quartz is expected when the higher fluence limits are 
exceeded. 
 
• Widths of the laser tracks processed by the 266nm laser did not vary 
significantly with varying laser process parameters and were found to be close 
to 25µm. Laser tracks processed by the 355nm laser have widths ranging from 
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27.6µm to 45.9µm, indicating propagation of the Au-Sn liquid melt and 
presence of heat affected zones. 
 
• Laser bonded samples were forcefully pulled apart to characterize the bond 
strength. Optimal mean bond strength of 15.14MPa is recorded for 355nm 
wavelength at parameters combinations with highest laser power within the 
fluence window and low scanning velocity. The laser bonds did not fail in 
high bond strength samples; the fracture site was found to be inside the quartz 
bulk. Bond strength is capped at 9.76MPa for 266nm wavelength. 
 
• ANOVA calculations showed that interaction effects between laser power and 
scanning velocity diminish as repetition rate increased from 6 to 12 kHz, and 
as repetition rate increased further from 12 to 20 kHz; their interactions no 
longer have any effect on bond strength. 
 
• TOF-SIMS results showed that the distinct Au and Sn layers before laser 
processing melted and combined to form a new alloy. Cross-sectional SEM 
analysis of the laser bonded interface showed that the laser bond can be 
portrayed as a pillar-like structure of gold/tin alloy that forms a strong joint 
between the two bond partners and can reflow to transcend empty spaces 
possibly-present in the initial interface, indicating surface roughness of this 
laser bonding process is not high. EDX data indicated that the laser bond is a 
homogenous alloy with a composition close to 80:20 wt.% Au:Sn. 
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• XRD analysis of pre and post laser bonded samples revealed that the original 
Au-rich composite was consumed Two intermetallic compounds Au5Sn and 
AuSn are identified confirming the 80:20 wt.% Au-Sn composite melted at the 
correct temperature of 280ºC to form the strong laser bonds.  
 
• A steady state temperature humidity bias life test (EIA/JEDEC Standard 
JESD22-A101-B) was done to test the integrity of the laser bonds under high 
temperature (85ºC) and high moisture (R.H. 85%). Resistances across the laser 
bonds did not differ more than 0.52ohms after 200hrs, showing that the laser 
bonded interfaces are not penetrated by moisture and can withstand high 
temperatures for extended periods of time. This emphasized the excellent 
quality of the laser joints. 
 
• Hence, a strong, corrosion-resistant, design-specific, localized laser assisted 
eutectic bonding process with a low temperature budget is established. 
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1. A beam shaper can be incorporated with the existing ESI M5200 Microvia 
Laser Processing System to provide a sharp-edged beam instead of the existing 
cone-shaped beam. In this way, much of the energy will not be concentrated at 
the centre of the beam, but instead be evenly distributed throughout the laser 
beam. This will improve the energy delivery and hopefully produce a even 
more uniform bonded interface. 
 
2. A thermal imaging device may also be incorporated with the system to provide 
a better picture of the temperature changes experienced during the laser 
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Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A1. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.243 W, Scanning velocity: 0.1 mm/s 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A2. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.243 W, Scanning velocity: 0.5 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A3. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.55 W, Scanning velocity: 0.1 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A4. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.55 W, Scanning velocity: 0.5 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A5. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.83 W, Scanning velocity: 0.1 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A6. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.83 W, Scanning velocity: 0.5 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A7. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.15 W, Scanning velocity: 0.1 mm/s 
 











Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A8. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.15 W, Scanning velocity: 0.5 mm/s 
 











Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A9. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.37 W, Scanning velocity: 0.1 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A10. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.37 W, Scanning velocity: 0.5 mm/s 
 
















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A11. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.6 W, Scanning velocity: 0.1 mm/s 
 















Appendix A: TOP VIEW OF PULLED APART SURFACES (355nm) 
_____________________________________________________________________ 
 
A12. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.6 W, Scanning velocity: 0.5 mm/s 
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Appendix B: TOP VIEW OF PULLED APART SURFACES (266nm) 
_____________________________________________________________________ 
B1. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.24 W, Scanning velocity: 0.1 mm/s 
















Appendix B: TOP VIEW OF PULLED APART SURFACES (266nm) 
_____________________________________________________________________ 
B2. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.24 W, Scanning velocity: 0.25 mm/s 
















Appendix B: TOP VIEW OF PULLED APART SURFACES (266nm) 
_____________________________________________________________________ 
B3. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 20 kHz, Power: 0.24 W, Scanning velocity: 0.5 mm/s 
















Appendix B: TOP VIEW OF PULLED APART SURFACES (266nm) 
_____________________________________________________________________ 
B4. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.136 W, Scanning velocity: 0.1 mm/s 















Appendix B: TOP VIEW OF PULLED APART SURFACES (266nm) 
_____________________________________________________________________ 
B5. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.136 W, Scanning velocity: 0.25 mm/s 














Appendix B: TOP VIEW OF PULLED APART SURFACES (266nm) 
_____________________________________________________________________ 
B6. Top view of pulled apart surfaces for following laser process parameters: 
Repetition Rate: 12 kHz, Power: 0.136 W, Scanning velocity: 0.5 mm/s 
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Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C1. Tensile test results for following laser process parameters: 

















69.84 161.34 28.64 11.74 1 3.91
45.26 103.96 28.64 7.56 2 -0.27
40.15 90.36 28.64 6.57 3 -1.26
37.82 85.48 28.64 6.22 4 -1.61
42.59 97.03 28.64 7.06 5 -0.77
47.13 107.63 AVERAGE: 7.83 Variance: 5.03





Sample graph of Load (N) vs. Extension (µm) for run number 1 





















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C2. Tensile test results for following laser process parameters: 

















32.34 73.84 27.99 5.50 1 -0.13
29.74 66.21 27.99 4.93 2 -0.70
36.66 82.2 27.99 6.12 3 0.49
41.68 93.61 27.99 6.97 4 1.34
27.28 62.29 27.99 4.64 5 -0.99
33.54 75.63 AVERAGE: 5.63 Variance: 0.88





Sample graph of Load (N) vs. Extension (µm) for run number 1 



















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C3. Tensile test results for following laser process parameters: 

















28.27 69.36 28.86 5.01 1 1.42
19.06 46.72 28.86 3.37 2 -0.21
21.31 46.14 28.86 3.33 3 -0.25
19.86 43.82 28.86 3.16 4 -0.42
18.85 42.31 28.86 3.05 5 -0.53
21.47 49.67 AVERAGE: 3.59 Variance: 0.65





Sample graph of Load (N) vs. Extension (µm) for run number 2 




















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C4. Tensile test results for following laser process parameters: 

















91.72 217.89 32.5 13.97 1 1.73
69.87 163.82 32.5 10.50 2 -1.73
87.86 205.83 32.5 13.19 3 0.96
75.81 172.13 32.5 11.03 4 -1.20
90.87 194.75 32.5 12.48 5 0.25
83.23 190.88 AVERAGE: 12.24 Variance: 2.11





Sample graph of Load (N) vs. Extension (µm) for run number 1 
















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C5. Tensile test results for following laser process parameters: 

















85.16 203.69 31.6 13.43 1 3.07
60.45 147.14 31.6 9.70 2 -0.66
67.82 167.26 31.6 11.03 3 0.66
59.39 139.68 31.6 9.21 4 -1.15
54.14 128.13 31.6 8.45 5 -1.92
65.39 157.18 AVERAGE: 10.36 Variance: 3.82





Sample graph of Load (N) vs. Extension (µm) for run number 1 
















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C6. Tensile test results for following laser process parameters: 

















60.28 143.63 32.63 9.17 1 2.74
40.87 95.67 32.63 6.11 2 -0.32
44.07 105.6 32.63 6.74 3 0.32
35.42 82.94 32.63 5.30 4 -1.13
32.49 75.49 32.63 4.82 5 -1.61
42.63 100.67 AVERAGE: 6.43 Variance: 2.90





Sample graph of Load (N) vs. Extension (µm) for run number 1 


















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C7. Tensile test results for following laser process parameters: 

















102.97 225.26 41.55 11.29 1 -1.94
182.5 401.19 41.55 20.12 2 6.88
109.06 242.28 41.55 12.15 3 -1.09
108.59 255.55 41.55 12.81 4 -0.42
93.28 195.74 41.55 9.81 5 -3.42
119.28 264.00 AVERAGE: 13.24 Variance: 16.04





Sample graph of Load (N) vs. Extension (µm) for run number 2 



















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C8. Tensile test results for following laser process parameters: 

















97.97 199.91 40.97 10.17 1 -0.90
162.81 373.75 40.97 19.01 2 7.94
78.41 170.54 40.97 8.67 3 -2.39
81.56 179.18 40.97 9.11 4 -1.95
74.64 164.49 40.97 8.36 5 -2.70
99.08 217.57 AVERAGE: 11.06 Variance: 20.17





Sample graph of Load (N) vs. Extension (µm) for run number 2 


















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C9. Tensile test results for following laser process parameters: 

















63.94 137.19 40 7.15 1 -0.70
71.42 153.87 40 8.01 2 0.17
54.61 117.14 40 6.10 3 -1.75
98.91 210.59 40 10.97 4 3.12
62.53 134.48 40 7.00 5 -0.84
70.28 150.65 AVERAGE: 7.85 Variance: 3.51





Sample graph of Load (N) vs. Extension (µm) for run number 4 
















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C10. Tensile test results for following laser process parameters: 

















37.18 72.48 27.61 5.47 1 -0.93
56.72 114.79 27.61 8.66 2 2.27
39.82 90.45 27.61 6.82 3 0.43
36.18 84.18 27.61 6.35 4 -0.04
26.93 61.81 27.61 4.66 5 -1.73
39.37 84.74 AVERAGE: 6.39 Variance: 2.29





Sample graph of Load (N) vs. Extension (µm) for run number 2 




















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C11. Tensile test results for following laser process parameters: 

















30 69.97 29.65 4.92 1 0.40
24.48 57.48 29.65 4.04 2 -0.48
28.77 67.14 29.65 4.72 3 0.20
28.15 64.47 29.65 4.53 4 0.01
26.61 62.46 29.65 4.39 5 -0.13
27.60 64.30 AVERAGE: 4.52 Variance: 0.11





Sample graph of Load (N) vs. Extension (µm) for run number 1 


















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C12. Tensile test results for following laser process parameters: 

















22.56 47.96 27.16 3.68 1 0.25
21.41 40.77 27.16 3.13 2 -0.30
21.87 41.2 27.16 3.16 3 -0.27
21.58 45.57 27.16 3.50 4 0.07
23.14 47.87 27.16 3.67 5 0.25
22.11 44.67 AVERAGE: 3.43 Variance: 0.07





Sample graph of Load (N) vs. Extension (µm) for run number 1 
















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C13. Tensile test results for following laser process parameters: 

















85.47 203.08 35.16 12.03 1 -0.31
97.34 225.85 35.16 13.38 2 1.04
82.61 187.14 35.16 11.09 3 -1.25
95.83 220.67 35.16 13.08 4 0.73
88.29 204.82 35.16 12.14 5 -0.21
89.91 208.31 AVERAGE: 12.34 Variance: 0.83





Sample graph of Load (N) vs. Extension (µm) for run number 2 















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C14. Tensile test results for following laser process parameters: 

















90.16 208.15 34.86 12.44 1 2.65
71.99 164.93 34.86 9.86 2 0.07
80.64 184.24 34.86 11.01 3 1.22
62.94 150.43 34.86 8.99 4 -0.80
50.06 111.46 34.86 6.66 5 -3.13
71.16 163.84 AVERAGE: 9.79 Variance: 4.74





Sample graph of Load (N) vs. Extension (µm) for run number 1 


















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C15. Tensile test results for following laser process parameters: 

















82.81 163.66 35.42 9.63 1 1.48
65.51 129.76 35.42 7.63 2 -0.52
76.98 156.92 35.42 9.23 3 1.08
74.74 149.48 35.42 8.79 4 0.64
47.42 92.83 35.42 5.46 5 -2.69
69.49 138.53 AVERAGE: 8.15 Variance: 2.82





Sample graph of Load (N) vs. Extension (µm) for run number 1 


















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C16. Tensile test results for following laser process parameters: 

















130.94 301.77 44.43 14.15 1 -0.99 
115.47 274.73 44.43 12.88 2 -2.26 
190.2 405.8 44.43 19.03 3 3.88 
116.72 273.18 44.43 12.81 4 -2.34 
163.02 359.41 44.43 16.85 5 1.71 
143.27 322.98 AVERAGE: 15.14 Variance: 7.39 





Sample graph of Load (N) vs. Extension (µm) for run number 3 



















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C17. Tensile test results for following laser process parameters: 

















102.97 243.01 45.9 11.03 1 0.89
105.9 243.8 45.9 11.07 2 0.92
84.26 194.23 45.9 8.82 3 -1.33
85.98 198.91 45.9 9.03 4 -1.12
101.72 237.48 45.9 10.78 5 0.64
96.17 223.49 AVERAGE: 10.14 Variance: 1.26





Sample graph of Load (N) vs. Extension (µm) for run number 2 
















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C18. Tensile test results for following laser process parameters: 

















66.72 132.01 44.2 6.22 1 0.20
59.64 118.47 44.2 5.58 2 -0.44
65.09 126.79 44.2 5.98 3 -0.04
67.71 131.98 44.2 6.22 4 0.20
64.44 129.47 44.2 6.10 5 0.08
64.72 127.74 AVERAGE: 6.02 Variance: 0.07





Sample graph of Load (N) vs. Extension (µm) for run number 1 

















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C19. Tensile test results for following laser process parameters: 

















18.75 45.3 27.58 3.42 1 0.32
16.84 42.49 27.58 3.21 2 0.11
13.75 34.27 27.58 2.59 3 -0.52
15.29 38.62 27.58 2.92 4 -0.19
17.68 44.81 27.58 3.38 5 0.28
16.46 41.10 AVERAGE: 3.10 Variance: 0.12





Sample graph of Load (N) vs. Extension (µm) for run number 1 




















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C20. Tensile test results for following laser process parameters: 

















23.59 40.66 28.98 2.92 1 0.55
17.18 30.18 28.98 2.17 2 -0.21
19.47 37.13 28.98 2.67 3 0.29
15.87 27.54 28.98 1.98 4 -0.40
13.48 29.67 28.98 2.13 5 -0.24
17.92 33.04 AVERAGE: 2.37 Variance: 0.16





Sample graph of Load (N) vs. Extension (µm) for run number 1 



















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C21. Tensile test results for following laser process parameters: 

















6.72 14.76 28.36 1.08 1 0.08
5.91 13.74 28.36 1.01 2 0.00
5.86 12.43 28.36 0.91 3 -0.09
6.14 12.97 28.36 0.95 4 -0.05
6.93 14.55 28.36 1.07 5 0.06
12.64 24.24 AVERAGE: 1.01 Variance: 0.01





Sample graph of Load (N) vs. Extension (µm) for run number 1 



















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C22. Tensile test results for following laser process parameters: 

















81.87 202.1 39.03 10.79 1 0.55
80.21 198.45 39.03 10.59 2 0.35
74.59 174.36 39.03 9.31 3 -0.94
79.56 189.33 39.03 10.11 4 -0.14
83.99 195.18 39.03 10.42 5 0.18
80.04 191.88 AVERAGE: 10.24 Variance: 0.34





Sample graph of Load (N) vs. Extension (µm) for run number 1 















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C23. Tensile test results for following laser process parameters: 

















47.36 102.42 37.75 5.65 1 -0.90
62.73 138.48 37.75 7.64 2 1.09
44.11 97.21 37.75 5.36 3 -1.19
37.28 82.34 37.75 4.54 4 -2.01
76.41 173.61 37.75 9.58 5 3.02
53.58 118.81 AVERAGE: 6.56 Variance: 4.15





Sample graph of Load (N) vs. Extension (µm) for run number 5 





















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C24. Tensile test results for following laser process parameters: 

















50.96 108.48 40.59 5.57 1 0.76
26.21 58.73 40.59 3.01 2 -1.79
30.69 66.49 40.59 3.41 3 -1.39
57.81 135.84 40.59 6.97 4 2.17
42.61 98.64 40.59 5.06 5 0.26
41.66 93.64 AVERAGE: 4.81 Variance: 2.62





Sample graph of Load (N) vs. Extension (µm) for run number 4 

















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C25. Tensile test results for following laser process parameters: 

















121.9 293.4 40.81 14.98 1 0.78
162.3 349.6 40.81 17.85 2 3.65
129.22 306.47 40.81 15.65 3 1.45
75.78 173.79 40.81 8.87 4 -5.32
127.66 267.1 40.81 13.64 5 -0.56
123.37 278.07 AVERAGE: 14.20 Variance: 11.18





Sample graph of Load (N) vs. Extension (µm) for run number 2 



















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C26. Tensile test results for following laser process parameters: 

















67 140.9 40.08 7.32 1 -0.86
60.78 141.16 40.08 7.34 2 -0.85
78.44 169.95 40.08 8.83 3 0.65
72.5 166.74 40.08 8.67 4 0.48
68.28 168.8 40.08 8.77 5 0.59
69.40 157.51 AVERAGE: 8.19 Variance: 0.62





Sample graph of Load (N) vs. Extension (µm) for run number 3 




















Appendix C: TENSILE TEST RESULTS (355nm) 
_____________________________________________________________________ 
 
C27. Tensile test results for following laser process parameters: 

















83.75 155.39 42.76 7.57 1 1.88
53.59 112 42.76 5.46 2 -0.24
62.19 112.84 42.76 5.50 3 -0.20
35.31 83.9 42.76 4.09 4 -1.61
51.25 120.14 42.76 5.85 5 0.16
57.22 116.85 AVERAGE: 5.69 Variance: 1.56





Sample graph of Load (N) vs. Extension (µm) for run number 1 

































TENSILE TEST RESULTS  













Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D1. Tensile test results for following laser process parameters: 

















53.89 97.45 25 8.12 1 -1.64
70.16 132.24 25 11.02 2 1.26
71.56 127.38 25 10.62 3 0.86
61.17 111.98 25 9.33 4 -0.43
64.12 116.52 25 9.71 5 -0.05
64.18 117.11 AVERAGE: 9.76 Variance: 1.30





Sample graph of Load (N) vs. Extension (µm) for run number 2 



















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D2. Tensile test results for following laser process parameters: 

















42.82 92.49 25 7.71 1 0.01
36.13 78.77 25 6.56 2 -1.14
44.78 103.78 25 8.65 3 0.95
48.59 114.3 25 9.53 4 1.82
32.11 72.73 25 6.06 5 -1.64
40.89 92.41 AVERAGE: 7.70 Variance: 2.05





Sample graph of Load (N) vs. Extension (µm) for run number 4 

















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D3. Tensile test results for following laser process parameters: 

















17.19 46.81 25 3.90 1 0.48
13.6 34.76 25 2.90 2 -0.53
16.84 40.62 25 3.39 3 -0.04
17.74 44.35 25 3.70 4 0.27
15.56 38.94 25 3.25 5 -0.18
16.19 41.10 AVERAGE: 3.42 Variance: 0.15





Sample graph of Load (N) vs. Extension (µm) for run number 1 




















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D4. Tensile test results for following laser process parameters: 

















42.13 82.47 25 6.87 1 -2.22
46.68 98.34 25 8.20 2 -0.90
56.19 118.21 25 9.85 3 0.76
51.52 104.75 25 8.73 4 -0.37
69.53 141.98 25 11.83 5 2.74
53.21 109.15 AVERAGE: 9.10 Variance: 3.49





Sample graph of Load (N) vs. Extension (µm) for run number 5 



















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D5. Tensile test results for following laser process parameters: 

















34.29 72.37 25 6.03 1 -0.11
31.42 66.29 25 5.52 2 -0.62
36.72 89.83 25 7.49 3 1.35
36.82 81.46 25 6.79 4 0.65
27.62 58.43 25 4.87 5 -1.27
33.37 73.68 AVERAGE: 6.14 Variance: 1.06





Sample graph of Load (N) vs. Extension (µm) for run number 3 





















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D6. Tensile test results for following laser process parameters: 

















15.02 31.87 25 2.66 1 0.28
12.27 27.12 25 2.26 2 -0.12
14.37 33.09 25 2.76 3 0.38
10.34 21.72 25 1.81 4 -0.57
13.78 28.94 25 2.41 5 0.03
13.16 28.55 AVERAGE: 2.38 Variance: 0.14





Sample graph of Load (N) vs. Extension (µm) for run number 3 


















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D7. Tensile test results for following laser process parameters: 

















43.73 94.23 25 7.85 1 -0.97
55.31 126.68 25 10.56 2 1.74
48.64 107.84 25 8.99 3 0.17
35.82 81.91 25 6.83 4 -1.99
54.85 118.46 25 9.87 5 1.05
47.67 105.82 AVERAGE: 8.82 Variance: 2.27





Sample graph of Load (N) vs. Extension (µm) for run number 2 


















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D8. Tensile test results for following laser process parameters: 

















25.81 55.47 25 4.62 5 -1.15
27.11 61.23 25 5.10 2 -0.67
34.76 73.17 25 6.10 3 0.33
31.37 66.83 25 5.57 4 -0.20
35.31 89.44 25 7.45 1 1.68
30.87 69.23 AVERAGE: 5.77 Variance: 1.19





Sample graph of Load (N) vs. Extension (µm) for run number 5 






















Appendix D: TENSILE TEST RESULTS (266nm) 
_____________________________________________________________________ 
 
D9. Tensile test results for following laser process parameters: 

















8.57 18.54 25 1.55 1 -0.36
10.72 23.47 25 1.96 2 0.05
9.28 19.48 25 1.62 1 -0.28
11.25 27.23 25 2.27 4 0.37
15.48 25.49 25 2.12 5 0.22
11.06 22.84 AVERAGE: 1.90 Variance: 0.10





Sample graph of Load (N) vs. Extension (µm) for run number 4 






























ANALYSIS OF VARIENCE (ANOVA) CALCULATIONS 
OF TENSILE TEST RESULTS 












Appendix E: ANOVA Calculations (355nm) 
_____________________________________________________________________ 
E1. Analysis of Variance for Tensile Test Results at 6 kHz 
 

















1 0.08 0.1 3.42 3.21 2.59 2.92 3.38 15.522 
2 0.08 0.25 2.92 2.17 2.67 1.98 2.13 11.875 
3 0.08 0.5 1.08 1.01 0.91 0.95 1.07 5.028 
4 0.19 0.1 10.79 10.59 9.31 10.11 10.42 51.212 
5 0.19 0.25 5.65 7.64 5.36 4.54 9.58 32.785 
6 0.19 0.5 5.57 3.01 3.41 6.97 5.06 24.030 
7 0.3 0.1 14.98 17.85 15.65 8.87 13.64 70.977 
8 0.3 0.25 7.32 7.34 8.83 8.67 8.77 40.936 
9 0.3 0.5 7.57 5.46 5.50 4.09 5.85 28.467 
 
 T..k 59.310 58.279 54.232 49.099 59.912  
 
Table E.2: Sum of replicates 
 Scanning Velocity (mm/s) j 
 0.1 mm/s 0.25 mm/s 0.5 mm/s Total (Ti..) 
0.08 W 15.522 (Tij.) 11.875 5.028 32.425 
0.19 W 51.212 32.785 24.030 108.027 





Total (T.j.) 137.711 85.596 57.525 280.832 (T…) 
 
Table E.3: Sum of replicate squares 
Run Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 
1 11.709 10.302 6.701 8.510 11.457 
2 8.544 4.707 7.125 3.920 4.549 
3 1.176 1.019 0.834 0.908 1.142 
4 116.373 112.208 86.619 102.131 108.540 
5 31.949 58.406 28.781 20.649 91.798 
6 31.001 9.087 11.646 48.611 25.632 
7 224.339 318.513 244.771 78.711 185.923 
8 53.639 53.838 78.038 75.118 76.985 
9 57.318 29.777 30.225 16.710 34.262 
Sum of Replicate Squares 
yijk2 536.048 597.855 494.740 355.268 540.290 
 
T… = 280.832 
a = 3, b = 3, r = 5 
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Table E.4: ANOVA table for 6 kHz 
 









Replicates (R) 4 9.115 2.279 0.987 
Laser power (A) 2 409.260 204.630 88.640 
Scanning velocity (B) 2 220.750 110.375 47.811 
Interaction (AB) 4 58.611 14.653 6.347 
Error (E) 32 73.874 2.309 - 




SSMS = , and 
MSE
MSF =  
F0.05 for dof (2, 32) = 3.302   F0.01 for dof (2, 32) = 5.348 
   dof (4, 32) = 2.674      dof (4, 32) = 3.982 
At 0.05 levels, effects of laser power (A), scanning velocity (B) and their interactions 
(AB) are significant. 
At 0.01 levels, effects of laser power (A), scanning velocity (B) and their interactions 
(AB) are significant. 
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Appendix E: ANOVA Calculations (355nm) 
_____________________________________________________________________ 
E2. Analysis of Variance for Tensile Test Results at 12 kHz 
 

















1 0.15 0.1 5.47 8.66 6.82 6.35 4.66 31.971 
2 0.15 0.25 4.92 4.04 4.72 4.53 4.39 22.591 
3 0.15 0.5 3.68 3.13 3.16 3.50 3.67 17.134 
4 0.37 0.1 12.03 13.38 11.09 13.08 12.14 61.715 
5 0.37 0.25 12.44 9.86 11.01 8.99 6.66 48.958 
6 0.37 0.5 9.63 5.28 5.70 6.42 5.46 32.488 
7 0.6 0.1 14.15 12.88 19.03 12.81 16.85 75.723 
8 0.6 0.25 11.03 11.07 8.82 9.03 10.78 50.719 
9 0.6 0.5 6.22 5.58 7.54 6.22 8.46 34.027 
 
 T..k 79.565 73.878 77.888 70.922 73.073  
 
Table E.6: Sum of replicates 
 Scanning Velocity (mm/s) j 
 0.1 mm/s 0.25 mm/s 0.5 mm/s Total (Ti..) 
0.15 W 31.971 (Tij.) 22.591 17.134 71.696 
0.37 W 61.715 48.958 32.488 143.161 





Total (T.j.) 169.409 122.268 83.649 375.326 (T…) 
 
Table E.7: Sum of replicate squares 
Run Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 
1 29.910 75.023 46.580 40.346 21.752 
2 24.171 16.312 22.255 20.520 19.261 
3 13.534 9.780 9.987 12.218 13.483 
4 144.795 179.085 122.957 170.965 147.287 
5 154.745 97.154 121.236 80.822 44.371 
6 92.663 27.873 32.497 41.231 29.812 
7 200.224 165.950 362.067 164.083 284.018 
8 121.658 122.450 77.719 81.509 116.184 
9 38.716 31.181 56.867 38.698 71.558 
Sum of Replicate Squares 
yijk2 820.415 724.808 852.165 650.393 747.726 
 
T… = 375.326 
a = 3, b = 3, r = 5 
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Table E.8: ANOVA table for 12 kHz 
 









Replicates (R) 4 5.644 1.411 0.567 
Laser power (A) 2 295.277 147.639 59.364 
Scanning velocity (B) 2 245.966 122.983 49.450 
Interaction (AB) 4 38.6 9.65 3.880 
Error (E) 32 79.585 2.487 - 




SSMS = , and 
MSE
MSF =  
F0.05 for dof (2, 32) = 3.302   F0.01 for dof (2, 32) = 5.348 
   dof (4, 32) = 2.674      dof (4, 32) = 3.982 
At 0.05 levels, effects of laser power (A), scanning velocity (B) and their interactions 
(AB) are significant. 
At 0.01 levels, effects of laser power (A) and scanning velocity (B) are significant. 
 
 174
Appendix E: ANOVA Calculations (355nm) 
_____________________________________________________________________ 
E3. Analysis of Variance for Tensile Test Results at 20 kHz 
 

















1 0.243 0.1 11.74 7.56 6.57 6.22 7.06 39.148 
2 0.243 0.25 5.50 4.93 6.12 6.97 4.64 28.146 
3 0.243 0.5 5.01 3.37 3.33 3.16 3.05 17.928 
4 0.55 0.1 13.97 10.50 13.19 11.03 12.48 61.181 
5 0.55 0.25 13.43 9.70 11.03 9.21 8.45 51.813 
6 0.55 0.5 9.17 6.11 6.74 5.30 4.82 32.136 
7 0.83 0.1 11.29 20.12 12.15 12.81 9.81 66.186 
8 0.83 0.25 10.17 19.01 8.67 9.11 8.36 55.318 
9 0.83 0.5 7.15 8.01 6.10 10.97 7.00 39.233 
 
 T..k 87.411 89.308 73.907 74.780 65.683  
 
Table E.10: Sum of replicates 
 Scanning Velocity (mm/s) j 
 0.1 mm/s 0.25 mm/s 0.5 mm/s Total (Ti..) 
0.243 W 39.148 (Tij.) 28.146 17.928 85.222 
0.55 W 61.181 51.813 32.136 145.130 





Total (T.j.) 166.515 135.277 89.297 391.089 (T…) 
 
Table E.11: Sum of replicate squares 
Run Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 
1 137.739 57.188 43.204 38.663 49.818 
2 30.206 24.286 37.433 48.546 21.496 
3 25.069 11.374 11.094 10.006 9.328 
4 195.086 110.277 174.088 121.749 155.850 
5 180.336 94.103 121.598 84.803 71.358 
6 84.096 37.311 45.458 28.042 23.231 
7 127.569 404.646 147.574 164.183 96.324 
8 103.337 361.200 75.204 83.017 69.962 
9 51.055 64.225 37.223 120.302 49.058 
Sum of Replicate Squares 
yijk2 934.492 1164.611 692.875 699.311 546.425 
 
T… = 391.089  
a = 3, b = 3, r = 5 
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Table E.12: ANOVA table for 20 kHz 
 









Replicates (R) 4 43.897 10.974 1.989 
Laser power (A) 2 211.891 105.946 19.206 
Scanning velocity (B) 2 201.169 100.585 18.234 
Interaction (AB) 4 5.337 1.334 0.242 
Error (E) 32 176.519 5.516 - 




SSMS = , and 
MSE
MSF =  
F0.05 for dof (2, 32) = 3.302   F0.01 for dof (2, 32) = 5.348 
   dof (4, 32) = 2.674      dof (4, 32) = 3.982 
At 0.05 levels, effects of laser power (A) and scanning velocity (B) are significant. 

















CROSS-SECTIONAL VIEW OF LASER TRACKS 













Appendix F: CROSS-SECTIONAL VIEW OF LASER TRACK (355nm) 
_____________________________________________________________________ 
F1. Cross-sectional views of laser tracks for following laser process parameters: 










F2. Cross-sectional views of laser tracks for following laser process parameters: 











Appendix F: CROSS-SECTIONAL VIEW OF LASER TRACK (355nm) 
_____________________________________________________________________ 
F3. Cross-sectional views of laser tracks for following laser process parameters: 










F4. Cross-sectional views of laser tracks for following laser process parameters: 









Appendix F: CROSS-SECTIONAL VIEW OF LASER TRACK (355nm) 
_____________________________________________________________________ 
F5. Cross-sectional views of laser tracks for following laser process parameters: 










F6. Cross-sectional views of laser tracks for following laser process parameters: 









Appendix F: CROSS-SECTIONAL VIEW OF LASER TRACK (355nm) 
_____________________________________________________________________ 
F7. Cross-sectional views of laser tracks for following laser process parameters: 










F8. Cross-sectional views of laser tracks for following laser process parameters: 










Appendix F: CROSS-SECTIONAL VIEW OF LASER TRACK (355nm) 
_____________________________________________________________________ 
F9. Cross-sectional views of laser tracks for following laser process parameters: 










F10. Cross-sectional views of laser tracks for following laser process parameters: 










Appendix F: CROSS-SECTIONAL VIEW OF LASER TRACK (355nm) 
_____________________________________________________________________ 
F11. Cross-sectional views of laser tracks for following laser process parameters: 










F12. Cross-sectional views of laser tracks for following laser process parameters: 







































Appendix G: THEORY OF LASER 
_____________________________________________________________________ 
G.1 Basic Mechanisms in Lasers 
 
Laser light exhibits both wavelike and particle-like properties. LASER is an 
acronym for Light Amplification by Stimulated Emission of Radiation. Laser light 
differs from ordinary light in that it consists of photons that are all at the same 
frequency and phase (coherence). The ability of the laser to produce coherent light is 
based upon the principle that photons of light can stimulate the electrons of atoms so 
that they emit photons of the exact same frequency [6]. Lasers convert electrical 
energy into a high energy density beam of light through stimulation and amplification. 
Stimulation (Figure G.1) occurs when electrons in the lasing medium are excited by 
external mechanical, chemical, electrical, or light sources such as an electrical arc or 
flash lamp, resulting in the emission of photons. The lasing medium typically contains 
ions, atoms, or molecules whose electrons are conducive to changes in energy level. 
Laser light is created by the transition from a higher to a lower energy level, and the 
wavelength produced is a characteristic of the lasing medium. At the beginning of the 
lasing process, photon emissions are random in nature. As each photon stimulates 
other excited electrons to emit photons, however, the new photons will have similar 
wavelength, direction, and phase characteristics as the initial photon. Eventually, a 
stream of photons with identical wavelength, direction, and phase will be produced. 
 
 
Figure G.1: Stimulation [1] 
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Appendix G: THEORY OF LASER 
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The amplification of light in a laser is accomplished by an optical resonator, 
which is composed of a cavity with the lasing medium set between two high-
precision, aligned mirrors. One mirror is fully reflective, and the other is partially 
transmissive to allow for the beam output. The mirrors channel the light back into the 
lasing medium; as the photons pass back and forth through the lasing medium, they 
stimulate more and more emissions. Photons that are not aligned with the resonator 
are not redirected by the mirrors to stimulate more emissions, so that cavity will only 
amplify those photons with the proper orientation and a coherent beam develops 
quickly (Figure G.2). 
 
Figure G.2: Amplification states (a) Laser off, (b) and (c) Initial random states,  
(d) Initial stimulation, (e) Amplification and (f) Coherent beam [1] 
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Population inversion is another necessary condition for the lasing process 
(Figure G.3). When the lasing medium or lasant is in equilibrium, the population of 
electrons at any energy state is determined by the Boltzmann equation. For a medium 







2 −−=  Equation G.1 
 
Where N1 and N2 are the number of electrons at Energy States 1 and 2 respectively, 
E1 and E1 are the energy values for States 1 and 2, T is the absolute temperature of the 
medium and k is Boltzmann’s constant. The goal of choosing a lasing medium and an 
excitation method is to induce a non-equilibrium state that contains more high-energy 
state than lower energy state electrons. Under the condition of a population inversion, 
sustained lasing action is possible because statistically more electrons are available to 
provide stimulated emissions than there are ground state electrons, which have the 
tendency to absorb the emitted photons (State 3 in Figure G.3). 
 
Figure G.3: Population inversion [1] 
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G.2 Laser Types 
 
Laser can be categorized most easily according to their lasing mediums, which 
are divided into three basic categories as defined by the state of the lasing materials: 
gas, liquid and solid. Furthermore, all laser types operate in one of the temporal 
modes: continuous wave (CW) and pulsed modes. In CW mode, the laser beam is 
emitted without interruption. In pulsed mode, the laser beam is emitted periodically. 
 
Gas lasers can be further divided into three subgroups based on the 
composition of the lasing medium: neutral atom gas, ion, or molecular. The helium-
neon (HeNe) laser is a typical neutral atom gas laser and is the most popular visible 
light laser; it can be tuned from infrared to various visible frequencies, with the most 
common being red at a wavelength of 632.8nm. Ion gas lasers use an ionized gas such 
as argon (Ar), krypton (Kr), and xenon (Xe) as a lasing medium to produce laser 
beam with wavelength ranging from 500nm to 1000nm. Molecular laser use gas 
molecules as the lasing medium, whereby the molecules are excited and the vibration 
mode of the molecules change: these transitions between different vibration modes 
produce photons. Carbon monoxide (CO), hydrogen fluoride (HF), carbon dioxide 
(CO2) lasers are examples of this type. CO2 lasers are the most commonly used lasers 
and emit light at a wavelength of 10.6µm. The excimer laser is also an increasingly 
popular type of gaseous laser, with a output wavelength ranging from 193nm to 
351nm in the ultraviolet to near-ultraviolet spectra. The term “excimer” originates 
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Liquid lasers are primarily dye lasers, which utilize large organic dye 
molecules as the lasing medium. The spectral ranges of the dye lasers encompass the 
visible spectrum and parts of the infrared and ultraviolet spectra. 
 
Solid lasers use ions suspended in a crystalline matrix to produce laser light as 
shown in Figure G.4. The ions or dopants provide the electrons for excitation, while 
the crystalline matrix propagated the energy between ions. A common solid laser is 
the Nd:YAG laser, which is used in this experiment. 
 
Figure G.4: Schematic of a Nd:YAG laser [1] 
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